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ABSTRACT 
 
The increasing need to find alternative solutions to the devastating effects of iron deficiency 
anemia has led to the generation of crops with improved nutritional quality traits.  Iron is 
one of the required but limited mineral elements in most diets consumed by people in 
developing countries who have limited access to supplements or iron-rich diets.  With much 
of the world’s population dependent on maize as a major source of their daily calorie 
intake, research toward improving its nutritional value is deemed necessary. The major 
objective of this research was to produce and characterize transgenic maize lines with 
improved iron content.  To do this, two studies were carried out. In the first study, maize 
seed endosperms expressing the soybean ferritin (SoyFer1, GenBank accession number 
M64337) and the E. coli phytase (appA, Genbank accession number L03375) transgenes, 
individually and in combination, were produced by stable genetic transformation using 
particle bombardment. The endosperm-specific super gamma zein promoter was used to 
drive transgene expression. Transgene presence was confirmed by polymerase chain 
reaction (PCR), while transgene expression was confirmed in seed samples by western blot 
analysis. The activity of the phytase enzyme was determined using enzyme bioassays 
specific for the phytase.  The PCR analyses results confirmed the presence of the soybean 
ferritin and E. coli phytase transgene DNA, implying successful integration into the maize 
genome.  Protein analysis results further confirmed the expression of the transgenes in the 
maize seed endosperms. The highest phytase enzyme activity obtained from maize seeds 
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was 5.527 units of enzyme per gram of seed (U/g). This was significantly higher (P<0.01) 
than that of the non-transformed B73 (negative control) at 0.759 U/g of seed. 
 
Because of the potential of transgenes to cause unintended effects on expression and 
transcription levels of endogenous genes, another study was designed to examine the effect 
of the soybean ferritin transgene on transcript and protein levels of endogenous maize 
genes.  This was done by comparing changes in mRNA transcript levels in maize roots, 
leaves and seed endosperm of soybean ferritin PCR negative plants to those of PCR positive 
ones. High performance liquid chromatography (HPLC) was used for zein protein 
quantification while inductively coupled argon plasma (ICAP) was used to quantify iron and 
other divalent minerals in transgenic maize seeds. PCR results showed that the soybean 
ferritin transgene was successfully introduced into maize seed endosperms and protein 
analysis confirmed its effective expression in the intended tissue. Messenger RNA 
abundance of seven tested iron homeostasis genes differed significantly (P<0.001) between 
seed samples positive and negative for the soybean ferritin transgene. Zein protein levels 
showed qualitative and quantitative differences between soybean ferritin PCR positive and 
negative samples.  While most peaks were eluted at the same time, one peak (no. 12) 
appeared in PCR negative samples while peak 13 appeared nearby in PCR positive samples.  
Some area peaks were significantly higher (P<0.005) in PCR negative samples than in their 
PCR positive counterparts.  Also, there were relative differences in mean peak area of the 
zein proteins. PCR positive samples had significantly higher (P<0.05) concentrations of 
calcium, magnesium and iron compared to the PCR negative samples. Similarly, mean 
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percent total nitrogen in PCR negative seed endosperm samples was significantly higher 
(P<0.05) than that of PCR positive samples.  This study has identified some unintended 
consequences of transgene expression.  This information is relevant in increasing our overall 
understanding of iron homeostasis in plants. The findings reported here offer a starting 
point for further studies to determine the potential of the transformed maize plants in 
enhancing iron bioavailability since the phytase expressing plants putatively contain lower 
content of iron chelating phytates and the ferritin expressing plants will potentially have 
enhanced amount of iron in their grains. 
 
Key words: Soybean ferritin, E. coli phytase, transgenic maize, endogenous genes, gene 
expression and transcription, Iron 
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CHAPTER ONE 
INTRODUCTION 
 
RATIONALE AND SIGNIFICANCE  
 
Iron deficiency anemia continues to be a worldwide health concern despite the fact that 
most diets contain iron in excess of the amount our bodies need for metabolism.  Its effects 
on human health including reduced physical growth and mental retardation, increased risks 
of maternal morbidity and mortality, increased risk of low birth weight, among others are 
devastating and more than two billion people worldwide (WHO, 2001), especially those in 
the developing world of Africa and Southeast Asia are believed to be affected by iron 
deficiency anemia.  Although anemia affects people at all stages, women, especially those 
of reproductive age and children younger than five years are more prone to iron deficiency 
anemia problems.  Survey data collected from 1993 – 2005 in World Health Organization 
regions around the world estimated that 51 % of pregnant women and 43 % of preschool-
age children were anemic (WHO, 2008).  
 
A large proportion of the world’s population depends on cereals as a major source of their 
calorie intake (Minihane and Rimbach, 2002).  Nevertheless, cereals are very poor sources 
of iron because they contain phytates, which bind with dietary iron making it unavailable for 
absorption (Hallberg et al., 1989; Minihane and Rimbach, 2002).  Generally, cereal grains 
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contain about 0.2 – 2.8 milligrams of iron per 100 grams of seed (Glahn et al., 2002), of 
which less than 2 % is absorbed in humans, the rest being complexed into non-absorbable 
compounds such as phytates.  Maize is one of the most commonly consumed grains the 
world over, serving as a major staple for communities in developing countries.  However, 
only a small portion of iron (1 – 7 %) is absorbed from maize when consumed as a 
standalone meal (Misner, 2007), implying that it is not a good source of dietary iron for the 
populations that rely on it solely as a basal diet.  
 
Efforts to improve the quantity and bioavailability of iron in cereals stand a chance to 
drastically contribute to the fight against iron deficiency anemia-related problems especially 
in populations where cereals are a major component of the main meal.  Some of the 
strategies to fight anemia due to iron deficiency include increasing iron content through 
fortification of industrially produced foods and diversification of food sources, iron 
supplementation in form of drugs, nutritional education and use of integrated iron 
deficiency prevention strategies in situations where other predisposing factors like diseases 
contribute to anemia in addition to iron deficiency (WHO, 2008).  
 
Development of high iron content staple crops is another way of alleviating anemia.  
Genetic manipulation of plants to over express the ferritin protein for improved amount of 
iron has been done over the years.   Ferritin is an iron storage protein that can be derived 
from many different sources, including plants, animals, bacteria and fungi (Vucenik and 
Shamsuddin, 2003).  In an attempt to increase iron content in rice seeds, Goto et al. (1999) 
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introduced the soybean ferritin transgene controlled by the glutelin promoter (GluB-1) into 
Oryza sativa using the Agrobacterium-mediated transformation.  The group reported a 
three-fold increment in iron content of the transgenic rice seeds compared to the 
untransformed controls. Lucca et al. (2001, 2002) also introduced into rice, a ferritin 
transgene from Phaseolus vulgaris as well as phytase transgene from Aspergillus fumigatus, 
under the endosperm-specific promoter.  They reported a two-fold increment in iron 
content and a 130-fold increase in phytase activity in transgenic rice seeds. Vasconcelos and 
colleagues (2003) introduced a ferritin transgene from soybean into indica rice, under the 
endosperm-specific glutelin promoter.   Their transgenic rice lines had a 4.4 fold increase in 
iron content compared to the non-transgenic controls both in the unmilled and milled 
grains.  
 
In other instances, recombinant expression of the soybean ferritin and the Aspergillus niger 
phytase for increased iron bioavailability has been done in maize (Drakakaki et al., 2005), 
rice and wheat (Brinch-Pedersen et al., 2000, 2003; Lucca et al., 2001; Hong et al., 2004).  
The strategy was to increase levels of iron and reduce phytate levels at the same time to 
produce high amounts of bioavailable iron.  Also, introduction of the ferritin gene alone to 
increase iron levels specifically has been done in maize (Drakakaki et al., 2005), wheat  
(Brinch-Pedersen et al., 2000; Drakakaki et al., 2000) and rice (Goto et al. 1999; Drakakaki et 
al., 2000; Vasconcelos et al., 2003; Qu et al., 2005).  Basing on the successes of these 
studies, plant biotechnology and molecular genetics tools still present a complementary and 
sustainable approach from a nutritional perspective, to further increasing iron 
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bioavailability through increasing the amount of iron and reducing phytate levels in the 
cereal staple foods.  However, it is not known how the introduction of these foreign genes 
affects the expression and transcription of the native genes.  A few research groups have 
investigated gene expression changes in transgenic compared to the non-transgenic plants.  
Nevertheless, none of these previous studies compared gene expression profiles in maize 
plants transformed with the soybean ferritin transgene.  A study conducted in wheat 
(Baudo et al., 2006) looked at the transcript levels of transgenic and conventionally bred 
wheat lines expressing gluten genes under their own promoter, with the transgenic plants 
in addition, having a reporter and marker genes.  They used a microarray for wheat to 
analyze the global gene expression changes.  Their findings indicated that the presence of 
the transgene had no significant impact on gene expression in the endosperm and leaf 
transcriptomes.   In Arabidopsis, El Ouakfaoui and Miki (2005) inserted and expressed two 
marker genes, uidA and nptII that were regulated by a constitutive promoter and they 
studied transcriptome changes in the transgenic plants versus the non-transgenic ones 
using the ATH1 Arabidopsis Affymetrix geneChip.  They reported that about 35 % of 
Arabidopsis genes underwent changes in gene expression in both transgenic and non-
transgenic plants under abiotic stresses, while 0.8 % of genes had differential expression in 
transgenic plantlets compared to the non-transgenic controls under normal growth 
conditions.   A more recent study (Streitner et al., 2010) however, reported about 1.4 % of 
transcripts that showed changes in their abundance in plants expressing the RNA-binding 
protein, AtGRP7.  Their conclusion was that the overexpression of the AtGRP7 protein 
affected other transcripts regardless of their response to abiotic and biotic stimuli.   
5 
 
 
Studies about changes in native gene expression are important, as they could be 
responsible for unintended consequences of transgene expression.  In 1997, for example, 
introduction of Monsanto’s Roundup Ready cotton was a dream come true for many cotton 
growers across the United States.  Over 800,000 acres of Roundup Ready cotton were 
planted that year (Cummins, 1997).  Roundup Ready cotton is a genetically engineered 
product, with a gene insertion intended for enabling plants resist two seasonal applications 
of Roundup herbicide (glyphosate), therefore making weed control less expensive and time 
consuming.   However, cotton farmers especially those from Arkansas, Louisiana, Mississippi 
and Tennessee encountered problems with the transgenic Roundup Ready cotton.  Cotton 
bolls fell off the plants prematurely and did not develop properly (Lappé and Bailey, 1997). 
This resulted into losses of up to 40% of their Roundup Ready cotton (Global pesticide 
Campaigner, 1997) after the plants became susceptible to round up.  
 
In plants, the introduction of genes involved in iron storage for instance is likely to up or 
down regulate the transcription and expression of genes involved in iron storage or genes 
involved in other iron homeostasis processes.   Information about transgene effects on gene 
expression of native genes is required in order to assess the effects on the levels and 
stability of the native genes.   It is also likely that internal changes in gene expression levels 
of native genes will be left out in situations where transgene evaluation and selection is 
focused on identifying transformation events based only on the presence of superior 
transgene phenotypes.   
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Although the expression of the soybean ferritin transgene has been targeted mostly to the 
grain tissues, the rate limiting step for the accumulation of iron could be in other tissues 
other than the grain.  Therefore, measurements of transcript and expression levels for the 
transgene and the native genes should not only be limited to the tissue in which the 
transgene is expressed but also in other tissues, to be sure that the transgene is or not 
altering expression of native genes in these tissues.  As part of this study, the effect of a 
soybean ferritin transgene on the transcript and expression levels of selected endogenous 
maize genes was investigated in maize roots, leaves and seed endosperms. This information 
could widen our overall understanding of the transgene and its role in the regulation of iron 
homeostasis genes. 
  
In maize grain, the seed endosperm covers over 70 % of the grain and contains seed storage 
proteins called zeins (Nelson, 1966).  Zeins form the major class of maize seed storage 
proteins, accounting for more than 50 % of the total protein in the grain.  Altering the maize 
seed endosperm in any way could possibly have effects on the accumulation of these zeins 
as well, which could affect the nutritional quality or the ability of the seed to germinate.  
The fact that the transgene has promoter elements similar to the zeins is likely to create 
competition between the two for the available transcription factors. It is therefore 
important to determine how the proteins and transcript levels of the genes encoding the 
zein proteins change with the introduction of a transgene.  
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In this study, the ferritin coding sequence from soybean and the phytase coding sequence 
from E. coli were introduced into maize plants.  Transgene expression was driven to the 
maize seed endosperm by the super gamma zein promoter, a modified version of the native 
27 kDa gamma zein promoter.  In fact, use of this promoter results in an increase in the 
number of binding sites in the genome for transcription factors involved in the regulation of 
gamma zein gene expression.  This change could affect the transcripts of genes encoding 
the 27 kD γ zein as well as for other zeins (16 kD γ zeins; the 19 and 22 kD α zeins; 18 kD δ-
zeins and the 15 kD β-zeins) that may share common transcription factors (Ueda et al., 
1994; Vicente-Carbajosa et al., 1997).  In the first part of this study, maize plants were 
produced that expressed the soybean ferritin transgene in seed endosperm. The 
regenerated plants underwent screening, and selection was done based on transgene 
presence and expression for four consecutive seasons.  These plants were used to answer 
two research questions: i) whether is it possible for the soybean ferritin transgene to affect 
the transcripts and protein levels of selected maize endogenous genes in roots, leaves and 
endosperm tissues in the PCR negative and positive samples for the soybean ferritin 
transgene and, ii) whether the introduction of the soybean ferritin transgene under a strong 
super gamma zein promoter would lead to increased iron levels in maize seeds.  
 
In the second study, maize plants expressing the soybean ferritin and E. coli phytase 
transgenes together and the E. coli phytase alone were produced and characterized.  The 
main objective was to determine if an E. coli-derived phytase could be expressed in maize 
and to evaluate its enzymatic activity.  The long-term goal is to increase the amount of 
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bioavailable iron in maize seeds with a combined strategy of increasing the amount of iron 
(by soybean ferritin transgene expression) and reducing the amount of phytates (by the 
phytase transgene expression).   
 
Results from these studies reveal the potential of transgenes to cause unintended 
consequences on native gene expression.  Such knowledge is essential in broadening our 
overall understanding of the entire gene network system, which can also help improve our 
selection of transgenic materials given the cross talk within the plant regulatory pathways. 
Successful results from the co-expression of ferritin and phytase will help widen our 
knowledge base on the importance of the ferritin-phytase interaction in enhancing the iron 
nutritional trait in maize. 
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THESIS ORGANIZATION 
 
This thesis is organized into four chapters (Chapters one to four).  The first chapter (Chapter 
one) serves as an introduction to the dissertation and includes the rationale and significance 
containing details of why this study was carried out. It also summarizes the research 
problem, approaches to solving the problem and the importance of the study. It emphasizes 
the fact that iron deficiency anemia is still rampant despite efforts to combat its devastating 
effects.  
 
The literature review section follows, giving a detailed overview of previous scientific 
advances significant to the current research, including but not limited to plant genetic 
engineering in general, iron and its use in human body, a detailed review about ferritin and 
its major role in iron storage and also ways in which the ferritin molecule releases iron 
when needed.  In addition, a write up is given on phytases and phytates as they relate to 
the concept of iron bioavailability from the diet.  Because the problem of iron deficiency 
anemia stems from many root causes, people have used different approaches to overcome 
the problem.  Therefore, previous studies involving the transgenic introduction of ferritin 
and phytases from different sources into different crops, especially cereals are discussed.  
Zeins, the major group of seed storage proteins in the maize kernel and how they relate to 
the current study are discussed.  The last section of chapter one lists the references that 
were used in compiling the write-up. 
 
14 
 
The next two chapters (Chapters two and three) are written in the format of research 
publications and will be submitted for peer review to the Transgenic Research journal.  The 
information presented in the chapter two describes studies undertaken to assess the effect 
of a soybean ferritin transgene on the protein and transcript levels of selected native maize 
genes as well as the amount of total iron in the maize seed endosperm.  Information leading 
to the production and detection of the soybean ferritin transgene in maize seed endosperm 
is given.  Other findings, including the transcript and protein studies and mineral levels are 
also included.   
 
The third chapter (Chapter three) describes research involving the development and 
characterization of transgenic maize plants expressing the E. coli phytase transgene alone or 
with the soybean ferritin transgene in seed endosperms.  It gives details about how the 
transformation constructs were developed, the transformations that were done and how 
maize transgenic maize lines expressing the soybean ferritin and the E. coli phytase 
transgenes were produced.  Information about the detection of transgene presence and 
their subsequent expression levels in maize seed endosperms as well as other analyses 
done is also presented.    
 
The last chapter (Chapter four) covers the general discussion, conclusions and 
recommendations.   
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LITERATURE REVIEW  
 
Plant genetic engineering 
 
Transgenic plant production or plant transformation is an important tool in plant 
biotechnology and it has become widely used in the recent past to help improve crop plant 
characteristics. It involves stable introduction of transgene(s) followed by the eventual 
expression of the introduced genes into the host genome (Carrer and Maliga, 1995: Barcelo 
et al., 2001).   The main focus here is on the stable integration of the introduced genes into 
the nuclear plant genome even though in certain instances the novel genes are expressed 
from a replicating viral vector or from an organelle genome (Carrer and Maliga, 1995). 
Various methods have been used to achieve stable and successful plant transformations.  In 
some cases, transformation methods are based on utilizing Agrobacterium tumefaciens, a 
soil-borne bacterium with the ability to transfer genes into plant genomes.   A. tumefaciens 
causes crown gall disease depending on the presence of the tumor-inducing plasmid (Ti) 
whose T-DNA region gets integrated into the genome of the host plant. Other 
transformation methods are based on direct gene transfer method (particle bombardment 
or biolistics).  In maize for example, the discovery of fertile transgenic plants when biolistic 
transformation was used made this method become more popular for the introduction of 
DNA into maize plants (Gordon-Kamm et al., 1990).  Several tissues can be targeted for 
transformation in maize plants.  Those commonly used include immature zygotic embryos 
(Brettschneider et al., 1997) and maize line Hi II germplasm (Songstad et al., 1996).  When 
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zygotic embryos are used, each has the capacity to develop into several different clones. 
Although plantlets regenerated or tracing back from the same embryo are clones of each 
other, they are heterozygous at many loci and therefore are not true breeding.   However, 
plantlets regenerated from different embryos are expected to have variations due to 
different insertion points within the genome of the host plant.  In this case, a 
transformation event consists of plants regenerated from the same transformed embryo.  
 
Control of transcription of a transgene in plants is achieved by use of promoters.  Three 
commonly used types of promoters include those for constitutive expression, tissue-specific 
or stage developmental promoters and those that drive gene expression under inductive 
conditions (Barcelo et al., 2001).  Constitutive promoters are mainly used for selectable 
marker gene expression to aid identify transgenic tissues in vitro, although in other cases, 
they are used to drive transgene expression in all tissues.  Tissue-specific or stage 
developmental promoters will only allow transgene expression in specific tissues or at 
certain stages of development, respectively.  In cereal grains for example, expression of 
genes for grain quality may only require this kind of tissue specific gene expression to be 
restricted to the seed endosperm.    As such, in this study, the gamma zein promoter, which 
is a seed-specific promoter was used to restrict transgene expression to the maize seed 
endosperm.  On the other hand, inducible promoters have been used to drive transgene 
expression under specific induction processes, such as wounding (Xu et al., 1995; 1996), use 
of chemicals (Greenland et al., 1997) or action of pathogens (Stark-Lorenzen et al., 1997; 
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Leckband and Loerz, 1998).  Many times, the expression of the transgene is similar to the 
expression of the native gene from which the promoter sequence was taken.  
 
Since transgene insertion into the host genome occurs in a random fashion, it is possible 
during this insertion process for the transgene to have unintended effects (Freese and 
Schubert 2004; Wilson et al. 2004; Latham et al., 2006) resulting into changes in 
transcription of native genes, due to the interference of the host plant’s metabolic 
processes.  Unintended effects due to the transgene may come up when the host plant’s 
metabolism responds to changing environmental conditions by producing different 
substances (enzymes) and structures which may affect or maybe affected by the transgene 
and its products (Gertz et al., 1999; Chen et al., 2005).  In cases where the gene construct 
may be broken up into fragments, these may get inserted at different places in the host 
genome. As such, the different pieces may have direct effects like interruption of a 
functional endogenous gene (s) at the point of insertion, which may result into reduced or 
increased transcripts of the gene (s) affected.  
 
During transgene evaluation, the selection is based on elimination of phenotypes with 
unexpected performance.  Sometimes, it is difficult to detect unintended transgene effects 
this way and as such, we may miss out some relevant information.  Examples exist in studies 
where some unexpected results showed up following introduction of a novel gene. 
Hashimoto and colleagues (1991; 1991b) expressed a nutritionally important soybean 
glycinin protein into rice and potatoes that lead to increased levels of Vitamin B6.  In 
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addition, they also observed increased levels of glycoalkaloids, some important toxic 
compounds.  None of these unintended effects were expected in this study and this made it 
difficult for the authors to explain these happenings.  Another example happened when 
Shewmaker et al. (1999) generated transgenic canola overexpressing the phytoene 
synthase, an enzyme involved in isoprenoid metabolism.  The authors reported changes in 
metabolites downstream of phytoene in addition to altered levels of chlorophyll and 
tocopherols, which are involved in the same biosynthetic pathway as the phytoene.  Also, in 
an effort to engineer provitamin A biosynthetic pathway into rice, Ye and others (2000) 
introduced into rice endosperms both the phytoene synthase and desaturase genes aiming 
at directing the formation of lycopene in the endosperm plastids.  However, none of their 
transformants accumulated lycopene to detectable levels but rather β-carotene, α-
carotene, lutein, and zeaxanthin were formed.   They thought that these newly synthesized 
products were induced by further conversion of lycopene constitutively expressed in the 
rice endosperm.  Therefore, these examples demonstrate the potential of transgenes to 
cause unintended effects and therefore transgene evaluation especially in altering the 
normal metabolism of the host plant is deemed necessary.  
 
Importance of iron and its availability in the body 
 
Iron deficiency is the most common micronutrient deficiency globally.  It is the main cause 
of anemia (Harvestplus, 2003), affecting over two billion people (WHO, 2008) worldwide.  
Some of the common effects of iron deficiency include reduced physical growth and mental 
development in children, reduced resistance to fatigue in adults, increased risks of maternal 
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morbidity and mortality, fetal morbidity and mortality and increased risk of low birth weight 
(Harvestplus, 2003; WHO, 2006). In the body, iron is important in maintaining cellular 
homeostatic processes such as oxygen transport in blood, electron transfer, and acting as a 
co-factor in enzyme systems including DNA synthesis (Rudiger and Udo, 2003).   
 
There are two food-based forms of iron i.e. heme and non-heme iron.   Heme iron is derived 
as myoglobin and hemoglobin from muscles (Rudiger and Udo, 2003; Theil and Briat, 2004). 
Iron from heme iron-based foods such as fish, meat and poultry are well absorbed when 
consumed.  Non-heme iron is most prevalent in plants (vegetables, fruits, cereal grains) and 
also animal tissues (meat) (Rudiger and Udo, 2003; Theil and Briat, 2004).  Over 80 % of 
dietary iron is from non-heme iron sources compared to 10-20 % derived from heme 
sources (FAO, 1988).   The non-heme iron is composed of citrates, phytates and gluconates, 
which are low molecular weight iron chelates as well as iron carbonyl, iron-dextran and 
ferritin, which are high molecular weight forms of iron (Theil and Briat, 2004).   However, 
not all the non-heme forms of iron are bioavailable to the body when consumed.  For 
example, ferritin is the only non-heme iron component that stores iron in a readily 
bioavailable form (Lucca et al., 2002; Torti and Torti, 2002).   Therefore, iron deficiency is 
most likely not caused by lack of iron in the diet but rather the low bioavailability of iron in 
the diet.  
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Accumulation of iron in plants  
 
Iron build-up in plants during development is greatly influenced by the plant genotype and 
environmental factors (Theil and Briat, 2004). During early developmental stages, iron is 
taken up by the roots and accumulated in the leaves of the plant before being stored in the 
seeds.   Nicotianamide aminotransferase 1 (NAAT1),  is an enzyme that is required in the 
homeostasis of mugineic acid, a metal chelator involved in the transportation of metal ions, 
including iron ions across the plasma membrane in both grass and non-grass plants (Higuchi 
et al., 1996). On the other hand, Nicotianamine synthases catalyze enzymatic reactions 
involving the polymerization of s-adenosylmethionine to form a molecule of nicotianamine 
(Higuchi et al., 1999).   In plants, nicotianamine is involved in iron uptake processes, 
involving the synthesis of mugineic acid family of phytosiderophores, which are molecules 
that chelate iron in graminaceous plants (Stephan et al., 1994; 1996; Higuchi et al., 1999).  
Iron accumulation in the vegetative tissues occurs mostly in the chloroplasts, which store up 
to 80 % of the total iron channeled from the roots (Theil and Hase, 1993).  Ferredoxins, also 
called iron-sulphur proteins, are iron-containing proteins in plants involved mainly in 
photosynthesis. They mediate the transfer of electrons in many metabolic reactions as well 
(Tagawa and Armon, 1962).  Seeds store a substantial amount of iron, especially in plastids. 
During early seed development, there is an increased uptake of iron by plants roots and its 
remobilization from the leaves to the seed (Lobreaux and Briat 1991). The ferritin molecule 
is an iron source in the seed.  It sequesters and stores iron in a non-toxic and readily 
bioavailable form (Seckback, 1982). Depending of the quantity of ferritin mRNA translated 
21 
 
and its stability, the amount of expressed ferritin protein varies in function and structure in 
different cell types (Theil, 1987).  
 
Ferritins and their role in iron regulation 
 
Ferritin is a widely distributed class of iron-storage proteins whose structure is highly 
conserved among plants, animals and bacteria (Masuda et al., 2001).  It is very thermal 
stable and resistant to denaturation (Theil, 2004; Liu and Theil, 2005).  Ferritin has a 
molecular weight of 540 kDa assembled from 24 sub-units (Laulhere et al., 1988), 
commonly referred to as apoferritin (Torti and Torti, 2002).   The ferritin subunits appear as 
precursors of different sizes and therefore may differ in size (Theil, 1987; Also reviewed by 
Arosia et al., 2009).   The most important role of ferritin in iron homeostasis in organisms is 
iron sequestering.   A single apoferritin molecule can sequester up to 4,500 iron atoms in a 
bioavailable, nontoxic and soluble form (Torti and Torti, 2002), making it the biggest store 
of bioavailable iron in living organisms (Lönnerdal et al., 2006).  The high sequestering 
capacity of the ferritin protein is also important in removing excess iron from cells that 
could result in formation of free radicals with subsequent damage to DNA, lipids and 
proteins due to cellular toxicity (Goto et al., 1999; Torti and Torti, 2002; Qu et al., 2005).  
 
Mechanism of iron release from the ferritin molecule 
 
The release of iron from ferritin requires that the ferritin mineral lattice be dissolved to 
allow iron atoms to break away from the lattice structure.  Iron release from ferritin 
22 
 
reserves occurs mostly by reduction of Fe (III) to Fe (II) (Rachel and Regina, 2000).  Iron in 
the Fe (II) state breaks away from the lattice as the Fe2+ ion, the positive charge of Fe2+ ion 
then attracts the electronegative oxygen atoms of water, forming a water cage around the 
ion.   Iron then becomes soluble as a hydrated Fe2+ ion and can be released from the ferritin 
protein through the channels in the spherical shell (Crichton and Charloteaux-Wauters, 
1987; Rachel and Regina, 2000).  This can be achieved by action of reducing agents such as 
phenol, catechol, hydroquinone and superoxide radical generating compounds, namely, 
gallol, phloroglucinol, phenylhydrazine, or phenylenediamine (Ahmad et al., 2000; Agrawal 
et al., 2001; Natividad et al., 2005).  The reduction of Fe (III) to Fe (II) by light with 
wavelength <470 nm has been documented too (Krizek et al., 1981) and studies by Pushnik 
and Miller (1989) suggested that this process could be important in influencing iron 
bioavailability in some plant species.    
 
Phytates - major iron complexing compounds  
 
Phytates are salts of myo-inositol hexakisphosphate (IP6) (also known as phytic acid) and 
are the principal storage form of phosphorus and other minerals in many plant tissues 
(Reddy et al., 1982; FAO/WHO, 2004).  In addition to storing phosphorus, phytates are 
reported to play key roles in reduction of plasma cholesterol and triglycerides (Katayama, 
1995), glucose absorption (Yoon et al., 1983), and reduction of toxicity due to heavy metals 
(Rimabach and Pallauf, 1997).  In-vitro studies have shown that phytates can reduce cell 
proliferation including that of human mammary and colon cancer cells (Vucenik and 
Shamsuddin, 2003).  Despite their usefulness, phytates are known to be potent inhibitors of 
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iron (Lucca et al., 2002), zinc, calcium and manganese absorption (FAO/WHO, 2004).  They 
bind iron to form insoluble complexes that are unavailable for absorption in the small 
intestines (Minihane and Rimbach, 2002).  
 
It is because of the high content of phytates in legumes and cereal grains that these foods 
have low absorbable iron, making iron deficiency prevalent in communities where 
vegetarian dishes are largely consumed (Lucca et al., 2002).  However, there is potential to 
increase iron absorption from phytate-rich meals through use of phytases (phytate-
degrading enzymes), that catalyze the hydrolysis of myo-inositol hexakisphosphate to 
orthophosphate and lower myo-inophosphates (Ursula and Ralf, 2002; Todd and Roselina, 
2004).  In other instances, the presence of iron in ferric citrate form creates competition 
with the phytate, resulting in more iron being complexed by citrate if the citrate is in excess, 
thereby making more iron available for absorption (Theil and Briat, 2004).  Thus, the 
amount of bioavailable iron from non-heme sources other than ferritin depends on amount 
of iron and the relative amount of chelators such as phytates and citrates.  
 
Phytases abundance and their mode of action in phytate degradation 
 
Phytases are abundant in nature and have been extracted and purified from plants, micro-
organisms as well as animal tissues.  There are broadly four sources of phytase enzymes: 
microbial phytases (bacterial, fungal phytases), plant phytases, phytases generated by 
mammalian small intestinal mucosa and those generated by gut microflora (Maenz and 
Classen, 1998; Kerr et al., 2000; Vikas et al., 2010).  Plant phytases have been isolated and 
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reported to occur in cereals such as barley (Greiner et al., 2000b), corn (Maugenest et al., 
1999), wheat (Nakano et al., 1999), Rice (Hayakawa et al., 1989) and in legumes such as 
soybean (Hamada, 1996).   Amongst the micro-organisms, extracts of the enzyme have been 
obtained from Escherichia coli (Dassa et al., 1990; Greiner et al., 1993), Aspergillus 
fumigatus (Pasamontes et al., 1997), Aspergillus niger, (Wyss et al., 1999), Aspergillus 
oryzae (Fujita et al., 2000), among others.  These organisms could be possible sources of 
phytase genes for engineering into phytate-rich staple crops to enhance micronutrient 
availability.  
 
Phytate-degrading enzymes catalyze the hydrolysis of myo-inositol hexakisphosphate to 
orthophosphate and lower myo-inophosphates in a stepwise manner, releasing reaction 
intermediates from the enzyme that serve as substrates for further hydrolysis (Ursula and 
Ralf, 2002; Todd and Roselina, 2004).  After releasing the first phosphate group, the other 
remaining phosphate groups are subsequently released from phytate by phytase and non-
specific phosphatases present in the digestive tract (Maenz and Classen, 1998).  The 
addition of phytases to phytates can improve the nutritional value of plant-based foods by 
enhancing protein digestibility and mineral availability through phytate hydrolysis during 
digestion in the stomach (Biehl et al., 1997; Pallauf et al., 1999) or during food and feed 
processing (Reddy et al., 1982; Sandberg and Andlid, 2002).  These enzymes were also 
reported to increase mineral availability when intrinsically activated or extrinsically added 
to plant-based phytate-rich foods (Konietzny and Greiner, 2002). However, the 
supplementation of phytase to food diets is often not feasible due to high cost.  An 
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alternative to this would be to reduce the amount of phytates by genetically engineering 
plants to contain phytases.  Success stories have been achieved where microbial phytases 
have been used in many crops (Pen et al., 1993; Verwoerd et al., 1995; Li et al., 1997; 
Denbow et al., 1998; Brinch-Pedersen et al., 2000; Lucca et al., 2001; Ponstein et al., 2002; 
Ullah et al., 2002; Brinch-Pedersen et al., 2003; Hong et al., 2004) and success reported in 
these studies could be replicated in maize for improving iron bioavailability.   
 
The maize zein proteins  
 
Seeds of all cereal grains contain endosperm storage proteins called prolamins (Lasztity, 
1984; Review by Hoffman and Shavers, 2008).  These proteins are rich in the amino acids 
glutamine and proline.   For each cereal genus, the prolamins have specific names based on 
the genus and those in maize are called zeins (Hamaker et al., 1995).  The maize zeins form 
a major class of seed storage proteins accounting for over 50 % of the total protein in the 
grain.  They are found in the maize seed endosperm, which comprises over 70 % of the 
grain (Nelson, 1966).   The zeins are products of multigene families and they are located in 
discrete deposits called protein bodies in the rough endoplasmic reticulum (Shewry et al., 
1995; Buchanan et al., 2000).  They are comprised of alcohol soluble peptides differing in 
molecular size, charge and solubility (Shukla and Cheryan, 2001).   
 
The major component of maize zeins are a family called the α zeins (Hagen and Rubenstein, 
1981; Burr et al., 1982).  The α zeins consists of the 19 kDa and 22 kDa proteins based on 
their migration behavior on SDS-PAGE.  Genes encoding the 19 and 22 KDa proteins are 
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expressed in the developing maize seed endosperm.  Other genes encoding the 27 kD and 
16 kD γ-zeins, the 15 kD β-zeins and the 10 and 18 kD δ-zeins are also present (Kirihara et 
al., 1988).   While the α zeins are present in the maize grain as monomers or oligomers, the 
other zeins (β, γ and δ) are present in the grain as polymers linked by disulfide bonds (Sewry 
and Halford, 2002).   
 
Despite the fact that the zeins are rich in amino acids like glutamine, alanine, proline and 
leucine, they are very poor sources of lysine and tryptophan, which are essential amino 
acids in both human and animal nutrition.  As such, the maize grain is considered a poor 
protein alternative, in spite of being a major staple for most developing nations.  In an effort 
to improve on the protein quality of the maize grain, researchers have used genetic 
engineering to alter the levels of essential amino acids.  Different mutant maize types with 
differing amino acid composition were identified among which included the floury-2, 
defective endosperm B30 and Mucronate and the opaque 2 that was discovered several 
years ago (Review by Sofi, et al., 2009).  These mutant types have considerable lysine and 
tryptophan levels compared to the zein which have reduced levels of these amino acids.  
 
In this study, the six zein protein genes, the 27 and 16 kD γ zeins; the 19 and 22 kD α zeins; 
18 kD δ-zeins and the 15 kD β-zeins were chosen to represent the different maize zein 
genes.  These genes were particularly chosen for this study because they encode proteins 
that play major roles of storing amino acids and providing nitrogen, sulphur and carbon to 
the developing embryo to support subsequent seed germination, growth and development 
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(Barros and Larkins, 1990).  They also have a physiological function as nitrogen sinks in the 
maize kernels to control the movement of photoassimilates into the kernels (Tsai et al., 
1980).  
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CHAPTER TWO 
CHANGES IN ENDOGENOUS GENE TRANSCRIPT AND PROTEIN LEVELS IN MAIZE 
PLANTS EXPRESSING THE SOYBEAN FERRITIN TRANSGENE 
 
A paper to be submitted to Transgenic Research Journal 
Kanobe, N. M., Rodermel, S. R., Bailey, T. and Scott, M. P. 
 
ABSTRACT 
 
Transgenic approaches aiming at increasing the nutritive value of major agricultural crops 
have presented prospects for making major contributions to public health worldwide. 
However, the acceptance of transgenic products is still awaiting in many countries due to 
the perception that these products have potential to cause unintended effects including 
affecting the expression of other genes in the host plant.  In this study, the effect of 
soybean ferritin in transgenic maize on transcript and protein levels of endogenous genes 
was studied.   Transgenic maize plants expressing the soybean ferritin transgene (SoyFer1, 
M64337) specifically in maize endosperm were produced through genetic modification. 
Transgene presence and expression were confirmed by polymerase chain reaction (PCR) 
and western blot analyses, respectively, while effect of the transgene on transcript levels of 
endogenous maize genes was investigated by examining changes in their mRNA levels in 
maize roots, leaves and seed endosperm in PCR negative and positive samples. High 
performance liquid chromatography (HPLC) was used for zein protein quantification while 
inductively coupled argon plasma (ICAP) was used to quantify iron and other divalent 
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minerals in transgenic maize seeds.  PCR results showed that the soybean ferritin transgene 
was successfully introduced into maize seed endosperms and protein analysis confirmed its 
effective expression in the intended tissue.  The mRNA abundance of seven tested iron 
homeostasis genes differed significantly between seed samples positive and negative for 
the transgene. Zein levels showed qualitative and quantitative differences between PCR 
positive and negative samples.  While most peaks were eluted at the same time, peak 12 
appeared in PCR negative samples while peak 13 appeared nearby in PCR positive samples.   
Some area peaks were significantly higher in PCR negative samples than their PCR positive 
counterparts.  Also, there were relative differences in mean peak area of the zein proteins.  
PCR positive samples had significantly higher concentrations of calcium, magnesium and 
iron compared to the PCR negative samples. Similarly, mean percent total protein in PCR 
negative seed endosperm was significantly higher than PCR positive samples.   This study 
has shown some unintended consequences of transgene expression, which information 
could make in the light of our overall understanding of the iron homeostasis processes.  
 
Key words: Soybean ferritin, transgenic maize, endogenous genes, gene expression and 
transcription, Iron 
 
INTRODUCTION  
 
Genetic engineering has been used to improve the performance and nutritional qualities of 
many economically important crops world-wide.  Maize (Zea mays) is no exception and 
since it is a major source of dietary calorie intake in many countries, a lot of research 
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focusing on nutritional enhancement has been done. Iron is one of the major 
micronutrients required in the human body and major research breakthroughs have been 
made in improving its availability in order to eliminate the devastating effects of its 
deficiencies.  With most of the world’s population dependent on cereal crops as basal 
sources of their diet (Minihane and Rimbach, 2002), it is imperative that these cereals 
contain adequate levels of nutrients required for good health.  However, cereals are very 
poor sources of iron bioavailability.  One reason for this is that cereal grains are rich in 
phytates, compounds that bind with dietary iron, making it unavailable for absorption 
(Hallberg et al., 1989; Minihane and Rimbach, 2002).  About 0.2 – 2.8 mg / 100 g of iron is 
found in cereal grains (Glahn et al., 2002) and yet, less than 2 % is absorbed in the human 
gut, the rest being complexed into non-absorbable compounds.  Improvement of the 
quantity and bioavailability of iron in cereals is one way to fight against anemia-related 
problems, especially in populations where cereals are a major component of daily diets. 
Development of high iron content staple crops can be achieved either by classical breeding 
or by genetic engineering.  However, traditional breeding is limited by inadequate genetic 
variation for iron content and bioavailability in the natural maize populations.  Genetic 
manipulation through over expression of ferritin genes from different sources as a means to 
increase the amount of iron in plants has been successful (Goto et al., 1999, Brinch-
Pedersen et al., 2000; Drakakaki et al., 2000; Lucca et al., 2001, 2002; Vasconcelos et al. 
2003; Drakakaki et al., 2005; Qu et al., 2005).  While the results here are promising from the 
nutritional perspective, none of these studies compared gene expression and transcription 
profiles of native genes in ferritin-transformed and non-transformed plants.  As such, the 
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impact that the foreign gene would have on the expression and transcription of native 
genes remains unknown in this system.  In Arabdopsis, El Oukfaoui and Miki (2005) reported 
a small number of genes differing in expression levels between T-DNA-insertion mutants 
and their non-transformed counterparts.  On the other hand, Baudo et al. (2006) compared 
changes in mRNA levels of conventionally generated and genetically modified wheat lines 
expressing glutenin with the traditional wheat lines using 9K cDNA microarray technique 
and they concluded that breeding through conventional means causes more variation in 
expression levels than using genetic engineering.  
 
The introduction of genes involved in iron storage is likely to alter the regulation of 
expression and transcription of other genes for iron storage or those genes required for 
other iron homeostasis processes.  Knowledge of the transgene effect on expression of 
native genes in the host genome is required in order to assess unintended effects of these 
foreign genes on the levels and stability of the native genes.   Also, this information can help 
researchers determine changes in endogenous gene activities that may be due to other 
causes like disruption of gene activity at the insertion point, co-expression of nearby genes 
or rearrangement of the transformation plasmid vectors during gene transfer.  If transgene 
evaluation and selection is focused on identifying transgenic lines/events based only on 
presence of superior transgene phenotypes, it is possible that internal changes in 
expression levels of other genes within the host genome will be overlooked.  In maize, the 
promoter sequence determines the expression patterns of its seed storage protein genes 
(zeins) at the transcription level (Kawakatsu and Takaiwa, 2010) and the zein genes are 
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reported to share promoter regions (Kodrzycki et al., 1989).  The 27 Kda zein promoter has 
been used to regulate endosperm specific expression in transgenic cereal crops and indeed, 
the same promoter was used in this study to drive the expression of the soybean ferritin 
gene to the maize seed endosperm.  Studies of protein and transcript changes of zeins, as 
well as other genes in the host plant would be useful in determining whether these gene 
modifications, would affect the levels of the endogenous zein protein genes in the maize 
seed endosperm.  
 
Although most of previous studies have expressed the ferritin transgene in the grain tissues, 
it is possible that gene expression in other tissues is affected too.  Therefore, measurements 
of transgene and endogenous gene expression levels should not only be limited to the 
tissue in which the transgene is expressed.  Our main objective was to over express the 
soybean ferritin gene into maize seed endosperm and study the transgene effects on the 
transcript and expression levels of selected endogenous maize genes in maize roots, leaves 
and seed endosperm.  We predicted the soybean ferritin transgene to be expressed in the 
maize seed endosperm but we wanted to be sure that it does not express in other tissues.  
Information generated from such studies could be of significance to scientists involved in 
the manipulation of plants for increased iron levels by altering iron homeostasis.  
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MATERIALS AND METHODS  
 
Construct development 
 
The ferritin construct (pMNK01) designed for the expression of the soybean ferritin gene 
consisted of the super gamma zein promoter sequence (979 bp) (Aluru et al., 2008) for 
endosperm-specific expression, the soybean ferritin coding sequence (753 bp) with a plastid 
transit peptide to direct protein accumulation to the amyloplast (Lescure et al. 1991), and 
the Tvsp terminator sequence (515 bp) from the soybean vegetative storage protein gene 
(Aluru et al., 2008).  The construct was developed using the polymerase chain reaction 
(PCR)-based cloning and it was provided by Dr. Maneesha Aluru, Iowa State University. 
Figure 1 illustrates the design of the pMNK01 construct.  
 
Plant material and transformation  
 
Maize hybrid HiII line (A188 x B73) (described in Armstrong et al., 1991) was used for the 
transformation.  The PDS 1000/He biolistic gun-mediated gene transfer system (Bio-Rad, 
Hercules, CA) was used to deliver the DNA into maize embyogenic calli derived from 
immature zygotic embryos (Songstad et al., 1996).  The plasmid construct pMKN01 was co-
bombarded with pBAR184 (Frame, et al., 2000), which has the maize ubiquitin promoter 
that drives the expression of the Streptomyces hygroscopicus gene for the bialophos 
resistance to enable selection of successful transformation events.   All the gene delivery 
(into maize plants) experiments were done at the Iowa State University Plant 
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Transformation Facility according to Frame et al. (2000).  Successful transformations were 
confirmed in biolophos-resistant calli by PCR, using primer pairs specific for the soybean 
ferritin gene (5’GCCATGGCTCTTGCTCCATCC3’ (forward primer) and 
5’CAAAGTGCCAAACACCGTGACCC3’ (reverse primer)). The plantlets regenerated were 
transferred to the greenhouse, grown to maturity and the seeds were harvested and 
separated by ear. A total of eight transformation events were harvested after 
bombardment and selection at the callus level. 
 
Development of transgenic inbred lines 
 
Plants regenerated from the transformed callus were crossed to the Zea mays L. inbred B73 
to produce F1 seeds.  For the next generation, the F1 plants were backcrossed again to B73 
to produce BC1F1 seeds for the second generation.  The BC2F1 and BC3F1 generation seeds 
were produced by backcrossing the BC1F1 and BC2F1 generation plants to B73 in subsequent 
third and fourth generations, respectively.  The selection of which plants to advance the 
next generation was done based on presence and expression of the soybean ferritin 
transgene in individual seeds.  The first two generations were grown in a greenhouse, while 
the third and fourth generations were grown in the field at the Iowa State University’s 
transgenic nursery at Woodruff farm near Ames, Iowa.  Thus, the genomic composition of 
all the seeds planted for analysis was 93.75 % B73 by pedigree, with the remainder being 
from A188. 
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Field plot design for production of analyzed maize plant tissues 
 
Tissues used in subsequent analyses were produced in the field, in either 2009 or 2010.  In 
2009, three transformation events were produced and used for zein (Figures 7, 8 and 9; 
Table 7) and for mineral (Figure 10; Tables 8 and 9) analyses.  In 2010, four transformation 
events were produced and used for DNA detection (Figure 2), western blot (Figure 3) and 
mRNA transcript (Figures 4, 5 and 6; Tables 3, 4, 5 and 6) analyses.  Each transformation 
event was randomly assigned to a plot. A plot consisted of four rows. The first three rows 
contained PCR positive seeds planted ear to row from three different ears within the same 
transformation event.  The fourth row contained a bulk of PCR negative seeds from the 
same three ears.  
 
Ferritin DNA detection in transformed maize seed endosperms 
 
Four transformation events were selected and used in this analysis. Polymerase chain 
reaction (PCR) was used to test for presence of soybean ferritin DNA in individual seeds.   
Test samples were obtained using a non-destructive method where, a 10 mg sample of the 
endosperm was drilled from each of the seeds.  DNA was extracted from each sample using 
the phenol-chloroform manual extraction method.  The extraction buffer consisted of 200 
mM Tris-HCl (PH 7.5), 250 mM NaCl, 25 mM EDTA and 0.5 % SDS, all in water.  One hundred 
micro liters of extraction buffer were used for every 10 mg of maize endosperm powder.   
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The PCR reaction was performed with the EconoTaq plus Green 2x master mix (Lucigen 
Corporation, Middleton, WI) following the manufacturer’s instructions with the following 
modifications:  The primers used were designed to amplify a 753 bp soybean ferritin 
fragment and these were 5’GCCATGGCTCTTGCTCCATCC3’ (forward primer) and 
5’CAAAGTGCCAAACACCGTGACCC3’ (reverse primer).  The PCR reaction cycle consisted of 
the following steps: Initial denaturation for two minutes at 95 oC, denaturation for 30 
seconds at 95 oC, annealing for 30 seconds at 57 oC and extension for one minute at 72 oC 
for a total of 35 cycles.  The PCR products were run on an agarose gel containing ethidium 
bromide which was photographed under UV light.  
 
Comparison of soybean ferritin protein in transgenic maize seeds positive or negative for 
the soybean ferritin DNA 
 
Western blot analysis was carried out to determine the expression of the soybean ferritin 
transgene in maize seed endosperm.  Mature transgenic seeds were dried and a 10 mg 
sample was drilled from individual seeds and collected into a 1.5 ml tube.  The remaining 
portion of each of the seeds was kept separate.  DNA was extracted from the samples and 
PCR performed as described in the previous section.  The PCR positive and negative samples 
were noted and their seeds separated.  An endosperm sample was drilled from the saved 
portion of the seed and used for protein extraction and detection. 
 
Total protein was extracted with 100 micro liters of extraction buffer (200mM Tris-HCl pH 
8.0, 100mM NaCl, 400mM sucrose, 10mM EDTA, 14 mM 2-mercaptaethanol and 0.05 % 
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Tween-20) for a 10 mg sample of the endosperm powder.  20 µl of total protein were 
analyzed by electrophoresis using sodium dodecyl sulphate (Laemmli, 1970) on a 12 % 
polyacrylamide gel and the voltage was set at 100 V.  After the run was completed, the 
proteins were transferred to a nitrocellulose membrane for two hours using a biorad 
transblot apparatus according to the manufacturer’s directions.  Polyclonal antibodies for 
the soybean ferritin gene were raised in rabbit against soybean ferritin peptide 
(PQVSLARQNYADEC) (produced by GenScript Company, Piscataway, NJ). Protein detection 
was performed using standard western blot analysis protocols (Anti-rabbit-AP secondary 
antibody with AP conjugate substrate, Biorad Laboratories, Hercules, CA) following the 
manufacturer’s instructions.  The blot was probed with 1:300 and 1:3000 dilutions of the 
primary and secondary antibodies, respectively.  
 
Comparison of transcript levels of maize endogenous genes in maize plant tissues positive 
or negative for the soybean ferritin transgene 
 
 
The aim of this experiment was to compare mRNA transcripts of endogenous maize genes 
in roots, leaves and seed endosperms using a quantitative polymerase chain reaction 
(QPCR) method.  The presence or absence of the soybean ferritin transgene in maize plants 
was first determined by PCR using primers specific for the transgene (See previous 
sections).  Transcript levels of PCR positive plants were compared to those of PCR negative 
plants in maize roots, leaves and seed endosperm tissues. 
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Maize plants in BC2F1 and BC3F1 generations segregating for the soybean ferritin transgene 
were grown in the field during the May and October growing season in 2009 and 2010.  The 
first leaf and root samples were collected from individual plants one month after planting 
(MAP) and at 18 days after pollination (DAP), leaf, root, and seed endosperm samples were 
collected.  The 1 MAP and 18 DAP data collection points were included in the analysis in 
order to capture differences in mRNA transcript levels of endogenous maize genes before 
and after onset of soybean ferritin transgene expression, respectively.  A complete set of 
tissues were collected from each individual plant in the study.  For the leaves and roots, 
samples were collected from one plant in each PCR positive row and three plants from each 
PCR negative row for a total of six plants per transformation event for each of the four 
events.  Thus, a total of 24 samples were collected for the leaf and root each.  The PCR 
negative samples were collected from plants that were grown from ferritin PCR negative 
sibling seeds for each transformation event for comparison with the PCR positive plants.   
Similarly, twenty immature seed endosperms were collected from each of the three ferritin 
PCR positive and negative ears from six plants for each of the four transformation events.  A 
single endosperm was divided into two portions, one for DNA analysis in order to identify 
positive and negative endosperms and the second for mRNA analysis.  Tissues were 
immediately frozen in liquid nitrogen while in the field and upon arrival in the laboratory, 
they were immediately stored at -80 until processing.  DNA was extracted from each of the 
endosperms and subjected to PCR analysis for the soybean ferritin transgene detection.  
The PCR primers and conditions were as described above.  Soybean ferritin positive and 
negative seeds were identified and mRNA was extracted from the saved endosperms using 
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the PolyATract mRNA Isolation System kit (Promega Madison, WI).  Likewise, mRNA was 
extracted from the root and leaf tissues using the same method as above.  Samples that 
were anticipated to yield very low mRNA levels, especially those from roots, total RNA was 
extracted with the RNeasy mini kit (Qiagen, Valencia, CA) instead of mRNA.  Quantitative 
PCR analysis was performed with the Brilliant II SYBR Green QRT-PCR Master Mix kit 
(Stratagene, Santa Clara, CA).  
Genes used for the analysis 
 
A complete list of genes and tissues in which these genes were tested in addition to the 
primer information for each gene is presented in Table 1.  Among the selected genes were 
the zeins, the major group of seed storage proteins genes in the maize seed endosperm. 
These included 27 KDa γ and 16 kDa γ-zeins, 15 kDa β-zein, 19 kDa and 22 kDa α-zeins and 
18 kDa δ zein.  Also, genes involved in the iron homeostasis pathway (Maize ferritin, maize 
ferredoxin-1, Zea mays 4 iron - 4 sulphur ferredoxin, maize nicotianamine amino transferase 
1 (ZmNAAT1), maize yellow stripe 1 (ZmYS1), maize nicotianamine synthase 1(ZmNAS1), 
maize nicotianamine synthase 2 (ZmNAS2) and maize nicotianamine synthase 3 (ZmNAS3) 
were included in this study. These genes were chosen for this study because they are known 
to respond to or be involved with determining iron homeostasis and are well characterized 
in maize.  The reference gene used for normalization was the 18 S ribosomal protein gene.  
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Statistical analysis 
 
The data obtained from the QPCR runs were subjected to analysis of variance using JMP 
SAS-based statistical software (Version 8.0.1) and where significant differences were 
obtained, the effect means were compared by the student’s t test.  The statistical model 
used to analyze the data obtained from maize roots and leaves was Yijkl = Ei + Pj + (E*P)ij + 
R/Ek(i) + el(ijk), where, Yijkl = delta cycle threshold (delta ct), which is the value of the 
difference between the ct value for the test gene and the 18 S reference gene; E = 
differential effect due to the ith transformation event; P = the effect of the jth treatment 
(PCR plus or minus); (P*E)ij is the interaction effect of the i
th maize ear and the jth treatment; 
R/E is the effect of the Rth plant within the ith event and el(ijk), is the random error term 
(ANOVA Tables 3 and 4).  For analyzing data generated from qPCR runs for maize 
endosperm gene, a different model from that used for leaves and root samples was used. 
The terms in the model were Yijk = Ei + Pj + (P*E)ij + ek(ij), where, Y = delta ct observation; E = 
effect of the ith maize ear; P = the effect of the jth treatment (PCR plus or minus); (P*E)ij is 
the interaction effect of the ith maize ear and the jth treatment and ek(ij), is the residual term 
(ANOVA Tables 5 and 6).  In all the analyses, the delta cycle threshold values were used and 
these were calculated as discussed in Pfaffl (2001). 
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Comparison of zein proteins in maize seed endosperms positive or negative for the 
soybean ferritin transgene  
 
This experiment was carried out to compare zein protein levels in maize seeds, positive or 
negative for the soybean ferritin transgene using the high performance liquid 
chromatography (HPLC).  The materials used for this analysis were obtained from plants 
harvested in the third generation.  Three transformation events and three ears per event 
were used for this study.  In brief, a 10 mg sample was drilled from each of the several 
kernels from the three ears from each of the three transformation events.  DNA was 
extracted from each of the sample and tested with PCR to identify positive and negative 
maize seeds for the soybean ferritin transgene.   The PCR reaction primers and conditions 
were as described in the previous sections.   The remaining portion of the seed endosperm 
(positive or negative) was used to obtain another 10 mg sample for zein extraction and 
HPLC analysis.   
 
Extraction of zein proteins and HPLC analysis 
 
Maize zeins were extracted from each 10 mg sample with 400 μl of extraction buffer (70 % 
Ethanol and 61 mM sodium acetate solution) in a 1.5 m centrifuge tube.  The tubes were 
shaken for one hour at room temperature before they were centrifuged for 10 minutes at 
14,000 RPM.  The supernatant was removed and transferred into a fresh tube.  100 μl of 
supernatant were transferred into a vial (Alltech 8 x 30 mm shell vial clear glass, catalog 
97029) and used for HPLC analysis using the Waters Alliance HPLC system.   The solvents 
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used were trifluoroacetic acid (TFA) (0.01 %) in ultrapure water, TFA (0.01%) in acetonitrile 
and methanol (50 %) in ultrapure water (Paulis et al., 1991).   Samples were separated with 
a c-18 column (type 218TP54) and the UV absorbance was monitored at 210 nm.  Levels of 
individual zeins were determined by integration of the resulting peaks. 
 
Statistical analysis 
 
The data generated from the HPLC runs were subjected to ANOVA using JMP statistical 
software (Version 8.0.1) and the student’s t test was used to ascertain significant 
differences between the effect means.  The statistical model used to analyze the data had 
the following terms: Yijk = Ai + Bj + (A*B)ij + ek(ij), where, Yijk = mean peak area observation; A 
= differential effect of the ith transformation event; B = the differential effect of the jth 
treatment (PCR plus or minus); (A*B)ij is the interaction effect of the i
th transformation 
event and the jth treatment; el(ijk), is the random error component (ANOVA Table 7).  HPLC 
chromatograms for the different maize zein protein peak areas were generated using the 
Igor Pro, Version 4.05A (WaveMetrics Inc., Lake Oswego, OR). 
 
Comparison of total mineral concentrations in ferritin PCR positive and negative maize 
seeds  
  
Previous studies have shown that activation of enzymes related to iron uptake also 
increases the uptake of other divalent metal cations (Welch et al., 1993; Delhaize, 1996; 
Vansuyt et al., 2000).  In light of these previous findings we sought to carry out mineral 
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quantification in maize seeds transformed with the soybean ferritin transgene.  The 
minerals that were analyzed in this study included calcium, copper, magnesium, 
manganese, zinc and iron.  Three transformation events were analyzed and samples were 
obtained from three maize ears for each of the events.  The analysis was done on ground 
whole maize seeds that tested positive or negative using PCR, for the soybean ferritin 
transgene.  Samples of 1.5 g were prepared from 20 – 45 seeds (depending on kernel size) 
from a bulk of ears from the same transformation event.  Six samples, three PCR positives 
and three PCR negatives were prepared for each of the transformation events.  Samples 
were analyzed for mineral content using inductively coupled plasma atomic emission 
spectrometry (ICAP) at the Soil and Plant Analysis Laboratory, Iowa State University.   A total 
of eighteen samples were analyzed in duplicates.  The data obtained from the ICAP were 
subjected the analysis of variance (ANOVA) using JMP SAS-based statistical software and 
means of the positive and negative readings per sample were compared using the student’s 
t-test to determine significant differences between soybean ferritin PCR positive and 
negative samples for each of the transformation event analyzed. 
 
Comparison of percent total nitrogen in maize seed samples positive or negative for the 
soybean ferritin DNA 
 
Percent total nitrogen was measured using the LECO CN combustion elemental analyzer 
(LECO Corporation, St. Joseph, MI) and using the same materials as those in the previous 
section on mineral analysis.  As described above, samples negative or positive for the 
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soybean ferritin transgene were compared in three transformation events.  The data 
obtained were analyzed as described in the previous section. 
 
RESULTS  
 
Soybean ferritin transgene was stably integrated and successfully expressed in maize 
plants 
 
Polymerase chain reaction (PCR) was used to test for the presence of soybean ferritin 
transgene DNA in maize leaves or seed endosperm.  A band of the expected size was 
detected in some plants in the first through the fourth generation plants.  This indicated 
successful integration and sexual transmission of the soybean ferritin transgene into the 
maize genome.  The PCR product was not detected in non-transgenic B73, the negative 
control (Figure 2).  Of the 272 seeds tested from 6 transformation events of F1 plants, 141 
turned out positive for the soybean ferritin transgene following PCR screening (Table 2).   
 
After detection, we compared the expression of the soybean ferritin transgene in PCR 
positive seed endosperms with that of PCR negative samples by analyzing the ferritin 
protein using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
western blot analyses.   As anticipated, the 28 kDa soybean ferritin protein was detected in 
PCR positive samples but not in the PCR negative samples (Figure 3), implying that the 
transgene was effectively expressed in the maize seed endosperm.  In addition to the 
targeted protein, the antibody used also cross-reacted with another protein of a higher 
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molecular weight in both PCR positive and negative samples for the soybean transgene.  No 
immune reactive 28 kDa band was detected in untransformed A188 and B73 samples 
(Figure 3).   
 
Differential expression of endogenous genes observed in maize seed endosperms more 
than in maize roots and leaves transformed with the soybean ferritin transgene 
 
In this experiment, differential expression of endogenous genes in roots, leaves and seed 
endosperms was examined in maize lines transformed with the soybean ferritin transgene. 
The results on transcript differences for the different genes are shown in (Figures 4-6 and 
Tables 3-6).  A significant “PCR + or –“effect indicates differential transcript accumulation 
when comparing PCR positive and negative seeds on an ear basis.  Generally, the effect of 
the soybean ferritin transgene was not significant on most of the genes tested in maize 
leaves and roots measured at the two different growing time points, the vegetative and 
reproductive stages, also designated as before and after soybean ferritin transgene 
expression, respectively. 
 
In maize roots, the only significant difference (P = 0.0303 and P = 0.0097, before and after 
transgene expression, respectively) in transcript levels between the PCR positive and 
negative plants were observed for the NAAT1 gene (Figures 4a and 4b; Table 3).   The roots 
of soybean ferritin PCR positive plants had more than four times (4.35 and 5, before and 
after soybean ferritin transgene expression, respectively) as much NAAT1 mRNA than the 
PCR negative plants. The transcript accumulation of other genes (ZmNAS1, ZmNAS2, 
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ZmNAS3, maizeYS1, and maize ferritin) did not differ significantly (P > 0.001) between 
soybean ferritin PCR negative and positive maize root samples (Figure 4a (i) and 4b (i)).   
Also, none of the main effects significantly affected the mRNA accumulation, a 
phenomenon observed for all the genes (Table 3).  However, results comparing expression 
levels of all the genes tested relative to 18 S showed that ZmNAS2 was highly expressed 
while ZmNAS3 and maize ferritin were the least expressed compared to all other genes in 
the maize roots at the time before soybean ferritin transgene was expressed (Figure 4a(ii). 
On the contrary, the expression levels of maize ferritin but not ZmNAS3 increased especially 
in PCR positive samples after transgene expression, while that of ZMNAS1 remained almost 
constantly high (Figure 4b (ii).  
 
Gene expression results from leaf samples were almost identical to those observed from 
the root samples. Results from this analysis are summarized in Figures 5a and b; Table 4. 
The iron-Sulphur binding protein showed increased transcript accumulation in samples 
where the soybean ferritin transgene was detected.  Its transcript levels significantly (P < 
0.05) increased in PCR positive samples at 18 DAP with 6.67-fold more mRNA levels in the 
positive samples than in the negatives (Figure 5 b (i)).  No change in mRNA accumulation 
was recorded for ZmNAS1, 2 and 3, maize ferritin and maize ferredoxin genes (Figure 5a (i).  
However, the effect of the transformation event and the interaction between 
transformation event and PCR positive or negative significantly (P = 0.0167 and P = 0.0237, 
respectively) influenced the mRNA accumulation for ZmNAS2 and 3, 18 DAP (Table 4). 
Results comparing changes in the expression levels of all genes relative to 18 S showed that 
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ZmNAS1 had higher mRNA levels compared to other genes during the vegetative stage 
(Figure 5a (ii)) while maize ferritin and maize ferredoxin were highly expressed compared to 
others during the reproductive stage (Figure 5b (ii)). 
 
More dramatic expression differences were observed for genes endogenous to maize seed 
endosperm (Figures 6a and b; Tables 5 and 6).  The presence of soybean ferritin transgene 
in the seed endosperm significantly (P < 0.001) affected mRNA accumulation of the 19 and 
22 KDa zeins but did not affect (P > 0.05) mRNA levels of the 27, 16, 15 and 18 KDa zeins 
(Table 5).  A similar outcome was also observed for samples harvested and analyzed in the 
previous year. The mRNA accumulation of the 19 and 22 KDa zeins was 8.34 and 8.35-fold, 
respectively,  higher in samples negative for the soybean transgene compared with the 
positive ones (Figure 6a (i)).  Other than the presence of the transgene, no other effects 
seemed to affect the expression levels of these genes (Table 5).  However, results 
comparing mRNA accumulation levels of all zein genes with respect to 18 S showed that 16 
kDa was highly expressed compared to all other genes (Figure 6b). 
 
Similar to the zein transcripts, the mRNA abundance of the seven tested iron homeostasis 
genes differed significantly (P < 0.05) between seed samples positive and negative for the 
soybean ferritin transgene in the maize seed endosperm (Figure 6a (ii); Table 6). The 
samples positive for the transgene had significantly (P < 0.0001) more transcripts of the 
soybean ferritin and iron sulphur ferredoxin genes than the negative samples.  Iron sulphur 
ferredoxin showed 4 times more expression in the soybean ferritin PCR positive seed 
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endosperms than in the negative ones.  Just like the iron sulphur ferredoxin gene, maize 
ferritin and ZmNAS3 had more than 4 times greater expression in the positive maize seed 
endosperms compared to the negative ones (Figure 6a (ii)).  The amount of ferritin in 
transgenic maize seeds increased 8-folds when compared to the endogenous maize ferritin.  
On the contrary, the mRNA accumulation of ZmNAS1 and 2 genes was significantly (P < 
0.001) higher in PCR negative seed endosperms compared to their positive counterparts 
(Figure 6a (ii).  The event by PCR positive or negative interaction significantly (P < 0.05) 
affected the mRNA transcripts for maize ferritin gene while no other sources of variations 
including the transformation events seemed to have significant effects on the expression 
levels of all the genes (Tables 6).  Comparisons between mRNA accumulation in soybean 
ferritin PCR positive and negative samples relative to 18 S for iron homeostasis genes 
showed that ZmNAS2 had higher expression levels compared to all other genes (Figure 6b), 
although significant differences were observed among individual PCR positive and negative 
samples (Figure 6a (i) and (ii)).  
 
Differential expression of maize zeins observed in transgenic and non-transgenic maize 
seeds transformed with the soybean ferritin transgene 
 
This experiment was carried out in order to identify differences in zein protein levels within 
the maize seed endosperm samples, positive or negative for the soybean ferritin transgene. 
The chromatograms showed some qualitative and quantitative differences between 
soybean ferritin PCR positive and negative samples (Figure 7 and Table 7).   Zein profiles for 
each group are given numbers (1 – 15) depending on the elution time (peaks) and the 
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individual protein peaks were identified and their molecular sizes (KDa) indicated when 
known.  Most of the peaks within the PCR negative and positive samples had similar elution 
patterns, indicating same proteins in PCR negative and positive samples (Figure 7).  
However, peak 12 was exclusively observed in most PCR negative samples while peak 13 
only appeared in PCR positive samples (see expanded portion of the chromatogram, Figure 
7) and this could probably indicate different proteins in these samples.  The occurrence of 
samples whether positive or negative significantly (P < 0.0001) influenced the magnitude of 
the mean peak area.  The peak areas in PCR negative samples were significantly (P < 0.0001) 
higher than their PCR positive counterparts.  This was true mostly for the alpha zeins (area 
peaks 4 – 15) while the relative proportions of the delta (area peak 1) and the gamma 
(peaks 2 and 3) zeins were similar within the PCR positive and negative seed endosperm 
samples (Figure 8).  Alpha peaks 8, 10, 12, 13 and 15 had significantly higher peak areas in 
PCR negative samples compared to the positive samples (Figure 8).  The mean differences 
between peak areas for events one and two were significantly (P < 0.05) different among 
PCR positive and negative samples with the PCR negative samples having higher peak areas 
in all the transformation events (Figure 9).   
 
Relative changes in Iron and other mineral concentrations were observed in maize seed 
endosperm samples with or without the soybean ferritin transgene 
 
Results showing changes in minerals analyzed from maize seed endosperm samples with 
and without the soybean ferritin transgene are illustrated in Figure 10 and Table 8.  The 
presence of the soybean ferritin transgene significantly (P < 0.05) affected the 
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concentration of calcium, magnesium and iron but not copper, manganese and zinc (Table 
8). The mineral concentrations of calcium, magnesium and iron were higher (175.67±10.41, 
1228.89±26.50 and 40.94±1.11 mg/kg of corn powder, respectively) in PCR positive 
compared to soybean ferritin PCR negative samples (123.00±10.41, 1074.06±26.50 and 
35.39±1.11 mg/kg of corn powder, respectively).   The fold change in amount of iron in PCR 
positive samples, although significant, was only 0.2 higher than that in PCR negative 
samples (Figure 10).   Even though the mean mineral concentrations of copper, manganese 
and zinc were higher in the soybean ferritin PCR positive samples (19.18± 1.88, 4.06±0.38 
and 47.61±2.69 mg/kg of corn powder, respectively) compared to the negative samples 
(17.72±1.88, 3.31±0.38 and 41.11±2.69 mg/kg of corn powder, respectively), their mean 
differences were not significant.  The event effect was not significant for all the minerals 
tested apart from zinc (P = 0.0117).  The interaction between the presence and absence of 
the soybean ferritin transgene by the event factor significantly (P < 0.05) affected the mean 
concentration of magnesium (Table 8).  Other factors and their interactions did not 
significantly (P > 0.05) affect the mean concentrations of all the minerals tested (Table 8). 
 
Percent total protein decreased in maize seed endosperms transformed with the soybean 
ferritin transgene 
 
Relative changes in the amount of total protein measured in maize seed endosperm 
samples, positive or negative for the soybean ferritin transgene are summarized in Table 9. 
The mean percentage total protein differences between PCR positive and negative maize 
seed endosperm samples were highly significant (P < 0.0001) (Table 9).  Percentage total 
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protein was higher (1.763 ± 0.020 %) in PCR negative samples than PCR positive samples 
(1.523 ± 0.020 %).  On the other hand, transformation events had significant differences in 
total nitrogen measurements between samples positive and negative for the soybean 
ferritin transgene (Table 9).  Transformation events 1 and 3 had significantly higher total 
nitrogen (1.678 ± 1.354 % and 1.666 ± 1.354 %, respectively) compared to transformation 
event 2 (1.592 ± 1.354 %).  In this experiment, the presence of the soybean ferritin 
transgene was associated with decreased percentage total protein in maize seed 
endosperms. 
 
DISCUSSION 
 
Increasing the nutritive value of plants for human benefit has been an area of interest to 
many research groups.  Maize is an excellent target crop because it serves as a major 
dietary source to many nations, especially those in the developing world.  The main 
objective of this study was to determine the effect of the soybean ferritin transgene on 
transcript and protein levels of endogenous genes in maize roots, leaves, and seed 
endosperms. Maize plants expressing the soybean ferritin gene directed to the seed 
endosperm by the super gamma zein promoter were produced.  Soybean ferritin DNA was 
successfully detected in the leaves and seed endosperm samples, with a corresponding 
increase in the transgene protein expression in only the ferritin PCR positive seed samples, 
indicating a successful transformation and integration process.  One of the strategies for 
alleviating mineral or iron deficiency health problems is to produce transgenic plants with 
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increased ferritin levels as reported in findings by many research groups (Goto et al., 1999, 
Brinch-Pedersen et al., 2000; Drakakaki et al., 2000; Lucca et al., 2001, 2002; Vasconcelos et 
al. 2003; Drakakaki et al., 2005; Qu et al., 2005).  
 
Transgene introduction in plants can potentially lead to unintended modifications in 
transcription and translation of native genes in the host plants.  It is therefore necessary to 
assess the likelihood of these occurrences by measuring transcript changes of native genes 
especially those in tissues where the transgene is inserted or is likely to cause significant 
changes.   Transgene insertion into the host genome is a random process which can result in 
the transgene landing in the coding sequence of a native gene.   This happening can cause 
changes in the stability or levels of mRNA accumulation of the native gene.   Therefore, one 
of the ways in which we can determine whether or not the transgene causes some 
accidental effects is to look at mRNA levels of native genes that control the routine activities 
or that are directly involved in the regulation of specific metabolic processes where the 
transgene is to be acting.   We made an effort in this study to assess the effects of soybean 
ferritin transgene on the transcript accumulation of native genes in maize roots, leaves and 
seed endosperm and at two developmental stages.   Our results showed that the presence 
of the soybean ferritin transgene has no significant effects (P > 0.05) on most of the genes in 
the maize roots and leaves, before (1 MAP) and after (18 DAP) transgene expression in the 
target tissue.  Measurement of mRNA transcripts for ZmNAAT1 gene, however, showed 
significantly (P < 0.05) higher mRNA amounts for the positive PCR root samples than the 
negative ones at the two data collection points.   ZmNAAT1 is an enzyme that is required in 
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the homeostasis of mugineic acid (MA), an important metal chelator that is involved in the 
transportation of metal ions, including iron ions across the plasma membrane in both grass 
and non-grass plants (Higuchi et al., 1996).  In rice, Cheng et al. (2007) reported, that a 
mutation in the rice NAAT1 gene lead to substantial accumulation of nicotianamine in roots 
and shoots but the mutant plants could not effectively absorb Fe (III) because of the failure 
to produce deoxymugineic acid.   Nicotianamine is a chelator that occurs in plants and it is 
involved in internal iron transport (Stephan et al., 1994; 1996).  In maize roots, presence of 
the soybean ferritin transgene was associated with increased levels of ZmNAAT1 mRNA 
possibly because of increased accumulation of iron.  It is likely that the interferences in the 
production of deoxymugineic acid lead to enhanced Fe (II) binding and therefore, the 
enhanced accumulation of ZmNAAT1.  Earlier studies also indicated that the presence of 
iron increased the amount of ferritin mRNA in bean leaves and soybean cell cultures by 
more than 30 fold (Proudhon, 1989).  The fact that transcript levels of other genes in maize 
roots were not different in presence or absence of the soybean ferritin transgene points out 
to the limited effects or to the fact that there was no detectable interaction between these 
genes and the soybean ferritin transgene in these tissues.   
 
Gene expression results from leaf samples were almost identical to those observed with the 
root samples, with only the Iron–sulphur (4Fe-4S) proteins showing increased transcript 
levels in samples where the soybean ferritin transgene was detected.  4Fe-4S proteins 
contain iron and sulphur bound to the polypeptide chain by 4 cysteinyl sulfur linkages to the 
iron atoms (Sweeney, 1980).  These proteins are well known for their involvement in 
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electron transport and gene expression regulation (Lill and Muhlenhoff, 2006).  It is likely 
that the increased transcription of the ferritin, an iron storage protein lead to increase 
transcript levels of this gene.  Because the amount of iron present in a given tissue regulates 
the transcription of the ferritin gene (Savino et al., 1997; Domenico et al., 2008), it is 
possible for the iron to similarly have the same effects on genes that act in the same 
pathway as the ferritin gene and this could explain the relative increase in the transcripts of 
the genes in samples where the ferritin transgene was detected. 
 
Different endogenous maize genes showed differential gene expression patterns in maize 
seed endosperm samples with or without the soybean ferritin transgene.   The presence of 
the transgene significantly down-regulated two of the alpha zein protein genes (19 and 22 
kDa α-zeins).   We found more than 8-fold increase in mRNA accumulation in the 19 and 22 
KDa in the PCR negative samples.  Conversely, no significant mRNA changes were observed 
in the gamma and delta zeins as well as other alpha zein proteins tested.  These results are 
consistent with those obtained in the samples harvested and analyzed in the earlier year. 
Dombrink-kurtzman and Bietz (1993) reported differences in the distribution of different 
zein protein genes and they attributed this to the texture and position of the protein bodies 
(suggested by Lending and Larkins, 1989) in the maize seed endosperm.  These observations 
could similarly be as a result of the differences in endosperm portions selected for the 
analysis but the fact that they depended more on whether the sample had the transgene or 
not, it is legitimate to attribute the differences in zein transcript levels to the effect of the 
soybean ferritin transgene.  These observations are also supported by the zein protein 
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analysis results that showed increased protein accumulation of these same proteins in 
soybean ferritin PCR negative compared to PCR positive samples.  In addition, the percent 
total nitrogen levels were also significantly higher in ferritin PCR negative samples 
compared to the PCR positive samples.  
 
On the other hand, transcripts of iron homeostasis genes in maize seed endosperm 
accumulated to higher levels in ferritin PCR positive samples compared to their negative 
counterparts.   The regulation of iron homeostasis genes depends on the iron status in the 
tissue of interest (Savino et al., 1997; Domenico et al., 2008).  Changes in the iron levels will 
most likely correlate with up or down-regulation of these genes.  In this study, the mRNA 
transcripts of the soybean ferritin gene significantly accumulated to higher levels in maize 
endosperm samples.   In plants, ferritin production is regulated at both transcriptional and 
post transcriptional levels (Lescure et al., 1991; Kimata and Theil, 1994 (soybeans); Savino et 
al., 1997 (maize)).  This is dependent on presence of iron that results in the relative 
induction of ferritin mRNA and protein levels.  Protein analysis results revealed higher 
ferritin protein expression in PCR positive than negative samples.    The fact that ferritin PCR 
positive samples had increased ferritin expression and transcript levels could have been due 
to the increased amount of iron in these samples.  This subsequently led to increases in 
mRNA transcripts for other genes as well.   Kimata and Theil (1994) reported stable ferritin 
mRNA levels in soybean plants during development, with a corresponding decrease in 
protein content.  In our study, the soybean ferritin mRNA levels increased significantly, 
whereas the total protein content reduced in maize seed endosperms positive for the 
72 
 
soybean ferritin transgene.   In all our observations however, it does not seem like more or 
less genes were differentially expressed in the different developmental stages.  Therefore, 
there seemed to be no any correlation between the plant developmental stages/ time of 
transgene expression and the transcript levels.  
 
Measurement of iron levels in maize seed endosperm samples indicated a direct correlation 
between presence of ferritin transgene and iron concentrations.   The soybean ferritin PCR 
positive samples in general contained higher mineral concentrations with significant 
differences observed for calcium, magnesium and iron. The amount of iron that 
accumulated in PCR positive samples was 0.2 fold higher than in the PCR negative samples.  
Previous studies (Goto et al., 1999; Vasconcelos et al., 2003; Drakakaki et al., 2005) have 
reported even higher correlations between soybean ferritin expression levels and total iron 
content.   On the contrary, Drakakaki et al. (2000), observed no significant increases in seed 
iron content in rice and wheat samples transformed with a ferritin gene and whose 
expression was controlled by the ubiquitin promoter.   Iron concentration levels have been 
reported to differ from one generation to another (Qu et al., 2005) and this could possibly 
have happed in this case.  The fact that different lines will likely have differences in their 
expression patterns could be another reason why we might expect differences in iron levels. 
However, in our findings, the different transformation events did not have significant 
effects on the amount of iron obtained. Changes in environmental factors have also been 
reported to influence iron uptake and storage (Vansuyt et al., 2000), a factor we cannot rule 
out in explaining this observation.  Significant increases in the concentrations of other 
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metals (Magnesium and calcium) in ferritin PCR positive seed samples could be due to 
increased iron accumulation resulting from the activation of the ferritin transgene. 
Vasconcelos et al. (2003) reported a similar finding in rice seeds with enhanced expression 
levels of the ferritin transgene.   Previous research groups (Welch et al., 1993; Vansuyt et 
al., 2000) have showed that it is possible to increase the uptake of other divalent metal 
cations with the activation of enzymes involved in the iron uptake and use.  Since other 
main factors and their interactions did not seem to have significant effects in metal 
accumulation, it seems very likely that the observed differences in metal concentrations 
were due to changes in iron status in maize seed samples.  Qu et al. (2005), however, 
reported no significant changes in concentrations of calcium, copper, cadmium, 
magnesium, manganese and zinc, a result that is contrary to our observations.  
 
The zein protein levels in maize seed samples, positive or negative for the soybean ferritin 
transgene differed significantly for the alpha zeins but not for the gamma and delta zeins.  
The use of a gamma zein promoter did not seem to compromise gene expression possibly 
due to the fact that use of additional promoters would compete for the transcription 
factors, which could result into reduction in their concentrations.  A closer look at the 
different zein proteins did not return into any noticeable differences in their levels or 
presence of a protein exclusively in all the PCR positive or negative samples. However, 
peaks 12 and 13 were observed only in most of the PCR negative and positive samples, 
respectively, which could mean different proteins in these samples.  It is also possible that 
this change is small deviation that just occurred in this region by chance. However, 
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considering the fact that significant differences were observed between the areas under 
this shifted peak merits further studies in order to expand and validate this finding.   Several 
of the alpha peaks had significantly higher peak areas in PCR negative compared to the 
positive samples.  The amount of zein protein depended on both transformation event and 
presence or absence of the soybean ferritin transgene in the maize.  In fact, measurement 
of the percent total protein in maize seeds without the soybean ferritin transgene showed 
that they had significantly higher percent total protein than their corresponding positive 
ones.  The high values for zein transcript and protein levels in soybean ferritin negative 
samples are consistent with percentage total protein content results.  
 
CONCLUSION 
 
This work describes efforts to assess the effect of soybean ferritin transgene on transcript 
and protein levels of maize endogenous genes. Differential expression patterns were 
observed between maize samples with or without the soybean ferritin transgene. The iron 
homeostasis genes selected for this study were up-regulated in soybean ferritin PCR 
positive samples compared to negatives ones. Only two of the zein protein genes were 
down-regulated in soybean ferritin PCR positive samples while the rest of the zeins 
remained unchanged.  The transformation event did not affect transcript or protein levels 
of the different genes, but some genes were affected by the presence or absence of the 
transgene.  By knowing transgene effects that can lead to changes in endogenous gene 
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activities and levels, researchers will be able to find viable explanations for the unexpected 
results and be able to target specific stages controlled by specific genes in iron homeostasis. 
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FIGURES AND TABLES  
 
Figures 
 
 
 
 
Figure 1: Organization of the soybean ferritin transformation construct.  The construct 
consisted of the super gamma zein promoter, the soybean ferritin coding sequence and the 
Tvsp terminator from soybean vegetative storage protein gene.  The corresponding sizes for 
each construct component are indicated in brackets below the construct component name. 
The ATG and TAG indicate the start and stop sites, respectively while NcoI and SacI 
represent the enzyme restriction sites flanking the soybean ferritin sequence with the 
plastid transit peptide. 
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Figure 2: 1 % agarose stained gel showing PCR analysis results of soybean ferritin DNA 
detection in transformed maize lines (Lanes 4 – 8) versus the non-transformed line B73 
used as a negative control (Lane 3). Lanes 1 and 2 refer to 1 kb molecular DNA size marker 
and soybean ferritin plasmid (pMNK01) positive control, respectively. The black arrow 
shows the specific 753 bp fragment of soybean ferritin coding sequence. 
86 
 
 
 
Figure 3: Western blot showing the 28 kda soybean ferritin protein band in maize seed 
endosperms. Non-transgenic A188 and B73 seeds were used as negative controls (Lanes 9 
and 10, respectively). Lanes 1 through 8 represents transformed maize seeds that were PCR, 
negative (lanes 1, 3, 5, and 7) or PCR positive (lanes 2, 4, 6 and 8) for the soybean ferritin 
transgene.  Each positive/negative pair of lanes are from a different transformation event.   
Lane 11 contains the protein molecular size marker. 
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Figure 4a: Relative mRNA changes in maize plant roots at one month after planting (MAP). 
Maize plants were selected based on presence and absence of the soybean ferritin DNA 
using PCR. Data collected at 1 MAP represents time before soybean ferritin transgene 
expression. For each gene, the delta cycle threshold (ct) values were normalized using 18 S.  
mRNA transcript levels in both PCR negative and positive samples were compared after 
normalization with respect to the ferritin PCR negative samples (i) and with relative to 18 S 
(ii). The horizontal line on Figure (i) represents values for PCR negative samples, normalized 
to one relative to the PCR negatives. Significant differences (P<0.001) between the PCR 
positive and negative samples are indicated with stars on top of the bar. 
(ii) 
(i) 
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Figure 4b: Relative mRNA changes in maize plant roots at 18 days after planting (DAP). 
Sample selection was based on presence and absence of the soybean ferritin DNA using 
PCR. Data were collected at 18 DAP to represent time after soybean ferritin transgene 
expression. For each gene, the delta cycle threshold (ct) values were normalized using 18 S.  
mRNA transcript levels in both PCR negative and positive samples were compared relative 
to PCR negative samples (i) and relative to 18 S (ii). The horizontal line on Figure (i) 
represents values, normalized to one for the PCR negative samples. Significant differences 
(P<0.001) between the PCR positive and negative samples are indicated with stars on top of 
the bar. 
 
(ii) 
(i) 
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Figure 5a: Fold mRNA changes in maize plant leaves at one month after planting (MAP).  
Data were collected at 1 MAP to represent time before soybean ferritin transgene 
expression. For each gene, the delta cycle threshold (ct) values were normalized with 18 S. 
Figure (i) shows the normalized expression of PCR positive samples relative to PCR negative 
samples while (ii) shows mRNA levels of PCR negative and positive samples relative to 18 S. 
The horizontal line on (i) represents normalized values for the PCR negative samples. No 
significant differences were observed between positive and negative samples. 
(i) 
(ii) 
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Figure 5b: mRNA changes in maize plant leaves at 18 days after planting (DAP).  Data were 
collected at 18 DAP to represent time after soybean ferritin transgene expression. For each 
gene, the delta cycle threshold (ct) values were normalized with 18 S. Figure (i) represents 
the normalized expression of PCR positive samples relative to PCR negative samples while 
(ii) shows the mRNA levels of PCR negative and positive samples relative to 18 S. The 
horizontal line on (i) represents normalized values for the PCR negative samples. Significant 
differences (P<0.05 and P<0.001) whenever observed between samples were indicated with 
one or two stars on top of the bar. 
 
(i) 
(ii) 
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Figure 6a: mRNA transcript changes in maize seed endosperm samples harvested at 
eighteen days after pollination (DAP).  Maize seed endosperms were selected based on 
presence and absence of the soybean ferritin DNA. The 18 DAP represents the time after 
the soybean ferritin transgene expression.  Figures (i) and (ii) represent qPCR analysis 
results for the maize seed storage protein genes and iron homeostasis genes, respectively. 
For each gene, the delta cycle threshold (delta ct) values were normalized using 18 S, with 
respect to the ferritin PCR negative samples. The horizontal line represents normalized 
values for the PCR negative samples. Significant differences (P<0.0001, P<0.001 and P<0.05) 
are indicated with three, two and one star (s), respectively, on top of each bar for which the 
soybean ferritin PCR positive and negative samples differ. 
(ii) 
(i) 
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Figure 6b: Transcript changes in mRNA accumulation in maize seed endosperm samples 
harvested at eighteen days after pollination (DAP).  Maize seed endosperms were selected 
based on presence and absence of the soybean ferritin DNA. The 18 DAP represents the 
time after the soybean ferritin transgene expression. For each gene, the delta cycle 
threshold (delta ct) values were normalized using 18 S and results for both PCR positive and 
negative samples were compared relative to 18 S. Significant differences (P<0.0001, 
P<0.001 and P<0.05) are indicated with three, two and one star (s), respectively on top of 
each bar for which the soybean ferritin PCR positive and negative samples differ. 
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*= Ferritin PCR positive seeds with a shifted profile  
 
Figure 7: HPLC chromatograms of maize zeins for maize seed endosperms transformed with 
the soybean ferritin transgene. Maize seed endosperms were screened with PCR to identify 
ferritin positive (Red or bottom) and negative (blue or top) seed samples. Samples were 
separated with a c-18 column. Peaks are labeled 1 – 15, depending on elution time. When 
known, the peaks (1, 2 and 3) are labeled with their respective sizes (Kda) and 4 – 15 refer 
to the un assigned alpha zeins. The expanded figure shows the peak that appeared 
exclusively in most soybean ferritin PCR negative samples (peak 12) and that only in most of 
the PCR positive samples (peak 13). 
(b) 
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Figure 8: Least square area means for the maize seed storage protein genes (zeins). The horizontal axis shows the HPLC protein 
peaks, named 1 – 15 depending on the elution time. Significant differences between ferritin PCR positive and negative maize 
seed samples are indicated with one, two and three stars on top of each bar to represent significant differences at 5, 1 and 0.1 % 
significance levels, respectively.  
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Figure 9: The effect of transformation event on mean peak areas of maize seed storage 
protein genes for maize seed endosperms transformed with the soybean ferritin transgene. 
Significant differences (P < 0.05) are indicated with a different letter on top of each error 
bar.  
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Figure 10: Fold change in mean mineral concentration in maize seed samples with or 
without the soybean ferritin transgene. The samples were screened with PCR to categorize 
them into those positive and negative for the soybean ferritin transgene. Significant 
differences (P<0.05) are indicated with a star on top of each error bar for which the PCR 
positive and negative samples differ. 
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Tables 
Table 1: Details on gene, primer information and maize plant tissue in which the gene was tested in the QPCR experiment 
Gene name Accession No. Maize plant tissue 
tested 
Sequence (5’-3’) Product 
(bp) 
Reference 
27 KDa γ-zein EU976420 Seed endosperm CCACCATGCCACTACCCTAC 
ACTGATGCCTCAGGAACTCG 
166 Alexandrov, N.N. et al., 2009 
16kD γ-zein 
 
AF371262 Seed endosperm TGGAGAACTCGACACCATGA 
GGTGGTTGAGTGGGGTATTG 
201 Woo, Y.M. et al., 2001 
15kD β-zein 
 
AF371264 
 
Seed endosperm TCAGTAGTAGGGCGGAATGG 
TGTACGAGCCAGCTCTGATG 
179 Woo, Y.M. et al., 2001 
19kD α-zein 
 
AF371269 Seed endosperm CGTGGGTGAGACCAACTAGC 
GAAGACACCGCTGGTGAGAG 
203 Woo, Y.M. et al., 2001 
18kD δ zein AF371265 Seed endosperm CTCTGATTCCATCTCGCACA 
GGCATGCCGACTTCATTATT 
161 Woo, Y.M. et al., 2001 
22kD α-zein /Floury2 L34340 Seed endosperm CAACAGTTTCTGCCATCACTG 
GGCTAGTTGACTGAGCACTGG 
162 Coleman, C.E. et al., 1995 
Soybean ferritin 
 
M64337 Seed endosperm AACTGCTCCCCAAGTCTC G 
CAGCGTGCTCTCTTTCTTCC 
200 Lescure, A.M. et al., 1991 
Maize ferritin  
 
X61392 Root, leaf, Seed endosperm CGACCCCCACGCGCCTATATC 
GCGGCCCCACCAGAGAGATG 
200 Lobreaux, S. et al., 1992 
Zea mays ferredoxin-1 EU958223 Root, leaf, seed endosperm GCCTGTCGTCGCAGTAGTGA 
AGGAGTAGGGCAGGTCCAAC 
172 Alexandrov, N.N. et al., 2009 
Zea mays 4Fe-4S ferredoxin EU969603 Root, leaf, seed endosperm AGAGCTGTGTCCTATGTTCGAG 
TAACTGCAACCAGCTTCACG 
145    Alexandrov, N.N. et al., 2009 
Zea mays  ZmNAAT1 
 
AB375372 Root TGGCCACATTGCTCCTGTCTTG 
GAAGTGCTCCCTGAAAGTTGCTGA 
184 Inoue, H. et al., 2008 
Zea mays yellow stripe 1 NM_001111482 Root GATGCAAGTCCGAGGGTTCCTC 
 CGAGGTGCGAACAGATCATCCC 
180 Ueno, D. et al., 2009 
Zea mays ZmNAS1 AB061270 Root, leaf, seed endosperm TGTTCACCAGCCTCGTCATG 
CTGAAGTAGGGAAAGCGGCC 
180 Mori, S. and Mizuno, D., 2001 
Zea mays ZmNAS2 
 
AB061271 Root, leaf, seed endosperm GCTATGTCACGGGCATCGCA 
GAACATTTGCTTGCGCAGGC 
172 Mizuno, D., 2001 
Zea mays ZmNAS3 AB042551 Root, leaf, seed endosperm TCGCTCTTCCCGTACATCAA  
CCGCAGATGTCGTAGTTGTC  
191 Mori, S. and Mizuno, D., 2002 
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Table 2: Summary of the PCR analysis results for the soybean ferritin transgene detection in transgenic maize seed endosperms 
harvested in the F1 generation. Five transformation events were screened and depending on seeds available, up to 30 seed 
samples were PCR tested. 
 
 
Event name 
Number of seed 
endosperms tested 
PCR positive 
endosperms 
PCR negative 
endosperms 
P344-2-4-1 Ear 1:20 
Ear 2:30  
Ear 3:20 
11 
14 
8 
9 
16 
12 
P344-4-1-6 Ear 1:20 
Ear 2:20  
13 
9 
7 
11 
P344-5-2-1 
 
 
Ear 1:20 
Ear 2:20  
Ear 3:20 
15 
10 
16 
5 
10 
4 
P344-6-6-1 Ear 1:20 
Ear 2:17  
Ear 3:20 
8 
10 
10 
12 
7 
10 
P344-7-4-1 Ear 1:20 
Ear 2:5  
Ear 3:20 
6 
0 
11 
14 
5 
9 
Total  272 141 131 
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Table 3: Differential accumulation of mRNA transcripts for iron homeostasis genes determined by QPCR using primers shown in 
Table 2. Each primer combination was first tested to verify a single PCR product visualized on a 1 % agarose gel.  
 
Sums of squares for QPCR analysis of endogenous genes in maize plant roots (iron homeostasis-related genes) 
 
Effect 
 
DF 
 
ZmNAS1 
 
ZmNAS2 
 
ZmNAS3 
Maize 
Ferritin 
Maize yellow 
stripe 1 
 
NAAT1 
veg
1
 Rep
2
 Veg Rep Veg Rep Veg Rep Veg Rep Veg Rep 
Event 3 91.620 3.733 38.117 0.436 6.372 21.225 23.691 11.902 14.408 10.706 8.883 8.019 
3PCR + or - 1 0.045 0.005 0.055 0.005 0.058 0.035 0.111 4.335 0.093 0.001 *26.776 **32.783 
Event* PCR + or - 3 18.226 *25.553 6.663 8.876 10.055 0.358 2.942 1.626 25.462 3.937 0.747 7.913 
Plant(Event) 8 66.768 9.519 57.754 18.142 40.843 15.888 22.786 35.233 55.523 34.896 55.829 12.873 
Error 8 47.628 6.814 67.959 29.418 64.332 23.378 19.099 40.298 28.902 31.322 31.030 22.970 
Total 23 222.287 45.625 170.548 56.877 121.660 63.903 68.629 93.394 122.388 80.863 123.265 84.558 
*, ** and ***= Significant differences observed in gene transcript levels of maize roots with or without the soybean ferritin transgene at 5, 1 
and 0.1 % levels, respectively 
 1Vegetative stage = value obtained from endogenous gene transcript measurements done on maize plant roots at 1 MAP or before soybean 
ferritin transgene expression 
 2Reproductive stage = value obtained from endogenous gene transcript measurements done on maize plant roots at 18 DAP or after 
soybean ferritin transgene expression 
 3Maize root samples were collected at 1 MAP and 18 DAP and screened with PCR to identify soybean ferritin positive and negative samples. 
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Table 4: ANOVA table showing sums of squares for the differential accumulation of mRNA transcripts for iron homeostasis genes 
determined by QPCR. The primers used were those shown in Table 2. Each primer combination was first tested to verify a single 
PCR product visualized on a 1 % agarose gel. 
 
Sums of squares for QPCR analysis of endogenous genes in maize plant leaves (iron homeostasis genes) 
 
Effect 
 
DF 
 
ZmNAS1 
 
ZmNAS2 
 
ZmNAS3 
 
Maize Ferritin 
Maize 
Ferredoxin-1 
Iron-sulphur 
ferredoxin  
veg
1
 Rep
2
 Veg Rep Veg Rep Veg Rep Veg Rep Veg Rep 
Event 3 7.764 30.873 1.977 *28.775 2.438 *164.070 1.780 *3.408 16.323 16.323 6.091 9.222 
3PCR + or - 1 0.002 0.074 0.005 0.143 0.901 11.070 0.108 0.02 1.938 1.938 0.432 *50.692 
Event* PCR + or - 3 2.743 7.200 14.385 *26.055 16.323 *171.036 5.361 1.490 3.582 3.582 5.262 18.706 
Plant(Event) 8 17.228 52.111 12.022 22.160 9.143 90.911 33.540 4.344 1.165 1.164 11.385 22.683 
Error 8 17.823 23.152 12.101 10.996 25.399 82.423 16.615 1.901 17.346 17.346 9.815 43.865 
Total 23 45.560 113.409 40.490 90.109 54.205 519.510 57.404 11.163 40.353 40.353 32.986 145.161 
Notes: * and ** = Significant (P<0.05 and P<0.01, respectively) differences observed in gene transcript levels of maize leaves with 
or without the soybean ferritin transgene 
          1Vegetative stage = value obtained from gene transcript measurements done on maize plant leaves at 1 MAP or before 
soybean ferritin gene expression 
          2Reproductive stage = value obtained from gene transcript measurements done on maize plant leaves at 18 DAP or after 
soybean ferritin gene expression 
        3Maize leaf samples were collected at 1 MAP and 18 DAP and screened with PCR to identify ferritin positive and negative samples.
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Table 5: ANOVA table showing the sums of squares for the differential changes in the amount of mRNA transcripts for zein 
protein genes determined by QPCR using primers shown in Table 2. Each primer combination was confirmed to produce a single 
PCR product visualized on a 1 % agarose gel.   
 
 
Sums of squares for QPCR analysis of maize seed  endosperm genes (maize zein genes) 
Effect   DF 27 KDa 16 KDa 15 KDa 19 KDa 18 KDa 22 KDa 
Maize ear (block) 11 169.714 155.537 129.377 244.634 206.479 70.274 
     Event   (3) (17.673) (37.496) (36.331) (*153.689) (31.198) (41.668) 
     Ear/event (8) (152.041) (118.041) (93.046) (90.945) (175.281) (28.606) 
1PCR + or – (Treatment) 1 0.114 0.049 2.403 **112.363 0.200 **112.486 
PCR + or -*Ear 11 243.844 125.525 233.530 130.466 155.344 132.255 
     PCR + or -*Event (3) (31.505) (59.736) (68.444) (18.367) (50.004) (36.175) 
     PCR + or -*Ear(Event) (8) (212.339) (65.789) (165.086) (112.099) (105.340) (96.080) 
Seed/Ear*     PCR + or - 24  191.679 403.563 252.451 335.707 287.946 
Total 47 1118.878 472.792 768.873 739.914 697.730 602.961 
Notes: *, **= significant differences observed at 5 and 1%, respectively, in gene transcript levels of maize seed endosperm samples with or 
without the soybean ferritin transgene 
           1Maize seeds endosperm samples were collected at 18 DAP and screened with PCR to identify ferritin positive and negative seeds. 
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Table 6: ANOVA Table for the differential mRNA transcript changes for iron homeostasis genes determined by QPCR using 
primers as described before. Each primer combination was tested to verify a single PCR product visualized on a 1 % agarose gel.   
 
 
Sums of squares for the QPCR analysis of maize seed  endosperm genes (iron homeostasis genes) 
Effect   DF  
ZmNAS1 
 
ZmNAS2 
 
ZmNAS3 
Maize 
ferritin 
Maize 
ferredoxin-1 
Iron - Sulphur 
ferredoxin 
Soybean 
ferritin 
Maize ear (block) 11 62.600 83.264 169.516 57.442 138.144 69.104 66.063 
     Event   (3) (33.553) 14.463 (46.620) (15.946) (48.067) (8.122) (30.085) 
     Ear/event (8) (29.047) 68.801 (122.896) (41.496) (90.077) (60.982) (35.978) 
1PCR + or – (Treatment) 1 **60.638 **78.899 **52.021 **50.266 *65.660 ***69.360 ***301.151 
PCR + or -*Ear 11 94.599 165.307 48.706 164.080 80.786 35.866 89.235 
     PCR + or -*Event (3) (63.214) 28.182 (23.538) (**90.575) (25.382) (21.343) (47.997) 
     PCR + or -*Ear(Event) (8) (31.385) 53.861 (25.168) (73.505) (55.404) (14.523) (41.238) 
Seed/Ear*     PCR + or - 24 168.634 238.716 144.061 146.723 220.505 66.459 129.077 
Total 47 386.471 482.922 414.303 418.517 515.095 220.790 585.526 
Notes: *, **= significant differences observed at 5 and 0.01%, respectively, in gene transcript levels of maize seed endosperm samples with or 
without the soybean ferritin transgene 
                 1Maize seeds endosperm samples were collected at 18 DAP and screened with PCR to identify soybean ferritin positive and negative 
seeds. 
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Table 7: ANOVA Table showing the sums of squares for the mean peak areas of maize zein proteins in maize seed samples 
positive or negative for the soybean ferritin transgene. Significant differences between PCR positive and negative seed samples 
are indicated with one, two or three stars before each value to represent significant differences at 5, 0.1 and 0.01 % significance 
levels, respectively.  
 
   Sums of squares from HPLC analysis of maize zein proteins 
 
Effect 
 
DF 
Peak Area 
1 2 3 4 5 6 7 8 
Event 2 2.39e+12 4.88e+12 7.91e+12 1.62e+11 1.79e+12 1.59e+11 9.40e+11 1.30e+13 
1PCR + or - 1 ***9.87e+12 2.15e+12 *7.47e+12 ***3.47e+12 **1.32e+13 ***5.27e+12 **2.27e+13 ***1.885e+14 
Event* PCR + or - 2 1.16e+11 2.74e+12 1.00e+12 2.93e+11 1.17e+12 4.53e+11 1.39e+12 1.61e+13 
Error 12 5.70e+12 1.27e+13 1.23e+13 1.06e+12 1.14e+13 2.10e+12 8.82e+12 1.12e+14 
Total 17 1.81e+13 2.24e+13 2.87e+13 4.90e+12 2.75e+13 7.98e+12 3.39e+13 3.29e+14 
Notes: 
1Maize seeds endosperm samples were screened with PCR to identify ferritin positive and negative seeds. 
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Table 7: ANOVA Table showing the sums of squares for the mean peak areas of maize zein proteins in maize seed samples 
positive or negative for the soybean ferritin transgene. Significant differences between PCR positive and negative seed samples 
are indicated with one, two or three stars before each value to represent significant differences at 5, 0.1 and 0.01 % significance 
levels, respectively. 
 
   Sums of squares from HPLC analysis of maize zein proteins 
 
Effect 
 
DF 
Peak Area 
9 10 11 12 13 14 15 
Event 2 1.4543e+12 1.8433e+12 3.9618e+11 5.1054e+11 1.2793e+12 1.0042e+12 4338051231 
1PCR + or - 1 ***2.7973e+13 **4.7691e+13 9.9783e+12 **1.297e+11 ***3.3112e+12 1.393e+13 *3.3112e+11 
Event* PCR + or - 2 9.2493e+11 6.1377e+12 4.2534e+11 2.3804e+11 1.2571e+12 2.5312e+12 1.5839e+11 
Error 12 5.185e+13 5.1851e+13 8.9821e+11 1.1344e+12 2.0164e+13 1.493e+13 9.4539e+11 
Total 17 1.075e+14 1.0752e+14 1.1698e+13 2.0127e+12 2.6011e+13 3.2396e+13 1.4392e+12 
Notes: 
1Maize seeds endosperm samples were screened with PCR to identify ferritin positive and negative seeds. 
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Table 8:  ANOVA table for the sums of squares showing mean differences between mineral concentrations for the soybean 
ferritin PCR positive and negative maize seed endosperm samples.  Significant differences between ferritin PCR positive and 
negative seed samples are indicated with one and three stars on top before each sums of square value to represent significant 
differences at 5 and 0.1 % significance levels, respectively.  
 
   Divalent metals Sums of squares  
 
Effect 
 
DF 
 
Calcium 
 
Copper 
 
Magnesium 
 
Manganese 
 
Iron 
 
Zinc 
Replicate 1 2220.444 10.890 3117.36 0.840 0.111 *103.361 
1PCR + or - 1 *22964.000 19.068 ***215760.25 5.063 *277.778 380.250 
Event 2 366.000 33.847 61060.06 3.014 120.667 1402.056 
Replicate *PCR + or – 1 427.111 13.690 521.36 0.340 4.000 84.028 
PCR + or – * Event 2 9860.667 81.269 94333.17 *1.625 22.222 10.167 
Replicate* Event 2 1386.889 41.847 27802.06 3.181 33.556 309.056 
Replicate *PCR + or –* Event 2 1200.889 63.047 5029.39 3.014 84.667 288.722 
Error 22 46776.000 1525.893 303323.33 63.500 528.000 3126.667 
Total 35 87222.000 1789.550 710946.97 80.576 1071.000 5704.306 
Notes: 
1Maize seeds endosperm samples were screened with PCR to identify soybean ferritin DNA positive and negative seeds. 
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Table 9:  ANOVA for the least square means for percentage total nitrogen in maize seed samples with or without the soybean 
ferritin transgene.  ICAP was used to determine the percentage total nitrogen in the samples. Significant differences at 5 and 
0.01% are indicated with one and three stars, respectively, for which the soybean ferritin PCR positive and negative samples 
differ. 
 
Least square area means (Total nitrogen) 
Effect DF Sums of squares F-ratio Prob>F 
Replicate 1 0.0022 0.3471 0.5613 
1PCR + or - 1 0.4984 73.0392 ***<0.0001 
Event 2 0.0525 3.8465 *0.0356 
PCR + or -* replicate 1 0.0007 0.1095 0.7436 
PCR + or -*Event 2 0.0194 1.4206 0.2612 
Event* replicate 2 0.0064 0.4696 0.6309 
PCR + or -
*Event*replicate 
2 0.0028 0.2080 0.8137 
Notes: 1The samples were screened with PCR to identify those positive and negative for the soybean ferritin transgene. 
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CHAPTER THREE 
CHARACTARIZATION OF TRANSGENIC MAIZE PLANTS CO-EXPRESSING THE 
SOYBEAN FERRITIN AND E. COLI PHYTASE TRANSGENES  
 
A paper to be submitted to Transgenic Research Journal 
Kanobe, N. M., Rodermel, R. S. and Scott, M. P. 
 
ABSTRACT 
 
Maize grains are principal components in commercial formulation diets of livestock and 
poultry, while in developing countries they form the major source of dietary calorie intake. 
Like other cereals, maize contains phytates, a major inhibitor of iron bioavailability making it 
a poor source of iron.  Phytate is the predominant form of phosphorus storage, and is not 
digestible by monogastric animals, necessitating phosphate supplementation to achieve 
optimal animal growth.  In this study, maize seed endosperms expressing the soybean 
ferritin (SoyFer1, Gene accession number m64337) and the E. coli phytase (appA, Gene 
accession number L03375) transgenes, individually and in combination, were produced by 
stable genetic transformation using particle bombardment.  The endosperm-specific super 
gamma zein promoter was used to drive transgene expression.  Transgene presence was 
confirmed by polymerase chain reaction (PCR) at both callus and seed levels, while 
transgene expression was confirmed in seed samples by western blot analysis.  The activity 
of the phytase enzyme was determined using enzyme bioassays specific for phytase.  The 
PCR analyses results confirmed the presence of the soybean ferritin and E. coli phytase 
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transgene DNA, implying successful integration into maize plants.  Protein analysis results 
further confirmed the expression of the transgenes in the maize seed endosperms. The 
highest phytase enzyme activity obtained from maize seeds was 5.527 units of enzyme per 
gram of seed (U/g) compared to that of the non-transformed B73 negative control (0.759 
U/g of seed).  The findings reported here offer a starting point for further studies to 
determine the potential of the transformed maize plants in enhancing iron bioavailability 
since the phytase expressing plants putatively contain lower content of iron chelating 
phytates and the ferritin expressing plants will potentially have enhanced amount of iron in 
their grains.  
 
INTRODUCTION  
 
The need to improve on the nutritional quality of major agricultural food crops is increasing 
worldwide.   Iron is one of the required but limited mineral elements in most diets 
consumed especially by people in developing countries who have limited access to 
supplements or high iron-rich diets (due to high cost).  With most of the world’s population 
dependent on cereal crops as a major source of their daily calorie intake (Minihane and 
Rimbach, 2002), research toward improving the nutritional value of these crops is very 
relevant.  Maize is one of the most important food staples consumed by millions of people 
worldwide.  Therefore, generation of maize varieties containing high levels of bioavailable 
iron provides additional alternatives for solving the world’s dietary iron deficiency 
problems.   Several research groups have used transgenic approaches to increase the 
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amount of iron in many agricultural crops (Goto et al., 1999; Lucca et al., 2001, 2002; 
Vasconcelos et al., 2003).  However, increasing iron content is not sufficient to eliminate 
iron deficiency anemia unless the diet is low in iron absorption inhibitors or contains 
enhancers of iron absorption and use.   The major metal binding compounds in cereal grains 
are phytates, which bind with dietary iron making it unavailable for absorption (Hallber et 
al., 1989; Minihane and Rimbach, 2002; reviewed by Drakakaki et al., 2005).  In addition, 
since the phytates are the principal forms in which phosphorous is stored in many plant 
tissues (Reddy et al., 1982), phosphorus bound to phytate is not available to monogastric 
animals (poultry, pigs, fish) since their digestive tracts contain very low levels of phytase 
activity (Ravindran et al., 1995; Schroder et al., 1996; Vohra and Satyanarayana, 2003).  
This, results in phytates passing through the digestive tract undigested, leading to 
phosphorus pollution of the environment.  
 
Earlier studies showed that decreasing the phytate content of the diet is positively 
correlated with increased iron absorption (Hallberg et al., 1989).  Phytates can be reduced 
to lower orthophosphate and phosphorylation state compounds by use of phytases, 
enzymes that catalyze phytate hydrolysis (Ursula and Ralf, 2002; Todd and Roselina, 2004), 
thereby increasing other minerals’ absorption.  The implication here is that the reduction in 
the phytate content in staple foods is expected to lead to increased iron absorption in the 
diet.  This has been experimented with promising results in some cereal crops such as 
wheat, rice and maize (Brinch-Pedersen et al., 2000, 2003; Lucca et al., 2001; Hong et al., 
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2004; Drakakaki et al., 2005). Despite all these promising findings, the problem of iron 
deficiency anemia still remains. 
 
In 2005, Drakakaki and colleagues generated transgenic maize plants that expressed 
Aspergillus niger phytase alone and also with the soybean ferritin transgene. Both 
transgenes were directed to the targeted tissue by the rice glutelin-1 (Gt1) seed-specific 
promoter.   Their results showed increased total iron content in transgenic maize lines.  In 
addition, the phytase levels in the seeds were associated with increased iron uptake with 
iron bioavailability levels ranging from 0.34 to 0.76 mg / 100 g in their transgenic lines.  
These findings show that there is potential to achieve even higher levels of bioavailable iron 
to reach the US Recommended Dietary Allowance (1995).  
 
This study was therefore set up with the objective to use the combined strategy of 
increasing iron levels and reducing phytate content as a way of improving bioavailability.  As 
such, the soybean ferritin and E. coli phytase transgenes were introduced in maize seeds 
separately and also in combination in order to produce maize lines with enhanced amounts 
of iron stored in a readily bioavailable and nontoxic form with significant amounts of active 
phytase to help reduce the amount of phytates in the grain.  Successful expression of the 
phytase in maize seeds is expected to eliminate the need for dietary phosphate 
supplementation, especially for countries where maize grains are a major source of 
monogastric animal diets.  The use of a strong promoter that enhances iron buildup in the 
seed endosperm would allow high iron accumulation in endosperm tissues that remain 
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after removing the pericarp, a practice common in some maize-consuming communities.  
The super gamma zein promoter (Aluru et al., 2008) was therefore chosen for this research 
to restrict transgene expression to the maize seed endosperm.   At least 80 % of the phytate 
phosphorus is contained in the maize embryo in the kernel (O’Dell et al., 1972; Eeckhout 
and De Paepe, 1994; Lin et al., 2005). However, since the degradation of the phytates can 
occur during food processing, it is expected that phytate levels in transgenic seeds could be 
significantly reduced if the flour is mixed with water and incubated before the high cooking 
temperatures are applied (Brinch-Pedersen et al., 2000; 2003), a common practice in some 
maize - consuming communities.  This has been tried and promising results have been 
reported (Hurrell, 2002; Drakakaki et al., 2005). 
 
The findings from this research will help expand our understanding of the ferritin-phytase 
interaction and the significance of this interaction in increasing the nutritional value of food 
crops.  Further expansion of this study will be a step forward in the fight against iron 
malnutrition due to the increased nutritional value thereby benefiting consumers 
worldwide, especially those in developing countries that entirely rely on maize as a sole 
source of their diet. 
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MATERIALS AND METHODS 
 
Target genes and promoters used in the transformations 
 
Soybean ferritin and Escherichia coli phytase transgenes were used in this study.  The 
soybean ferritin coding sequence (753 nucleotides and 250 amino acids long) was obtained 
from Dr. Maneesha Aluru (Iowa State University) who sub-cloned it following procedures 
described by Lescure et al. (1991).  This gene was chosen because it had previously been 
shown to have higher expression in several cereal crops, including rice (Lucca et al., 2002; 
Vasconcelos et al., 2003; Qu et al., 2005), wheat (Brinch-Pedersen et al., 2000; Drakakaki et 
al., 2000) and maize  (Drakakaki et al., 2005; Aluru et al., 2008), compared to other plant 
ferritins.   
 
The E.  coli phytase coding sequence (1298 nucleotides and 410 amino acids long) was 
obtained from Dr. Chad Stahl (North Carolina State University).  Characterization of this 
phytase revealed an important temperature–pH interaction (Golovan et al., 2000).  Its 
optimal pH and acid phosphatase activities are within the range of the normal pH of the 
stomach of the pig (Clemens et al., 1975).  Also, the enzyme was highly resistant to pepsin, 
the major protease in the monogastric stomach, although it was slightly sensitive to trypsin, 
chymotrypsin, and elastase secreted by the pancreas duodenum (Ruckebusch et al., 1991).  
This phytase was reported to be the most active (Wodzinski and Ullah, 1996), and as such, is 
an excellent candidate as a feed and food enzyme and favorably suitable for use in this 
research. 
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The soybean ferritin and E. coli phytase coding sequences were both directed into the maize 
seed endosperm by the super gamma zein promoter, a modified version of the native maize 
27 kDa gamma zein promoter and the modifications were done as described by Aluru et al. 
(2008).  The plasmid construct named pRBS served as the vector plasmid into which the 
soybean ferritin and the E. coli phytase coding sequences were subsequently sub-cloned.  
 
Construct development, plant material and transformation 
 
Plant transformation vector development   
 
The ferritin plant transformation vector (pMNK01) was designed for the expression of the 
soybean ferritin transgene.  It consisted of the super gamma zein promoter sequence (979 
bp) (Aluru et al., 2008) for endosperm-specific expression, the soybean ferritin coding 
sequence (753 bp) (Lescure et al. 1991), and the Tvsp terminator sequence (515 bp) from 
the soybean vegetative storage protein gene (Aluru et al., 2008).  The soybean ferritin 
coding sequence contained a plastid transit peptide to direct protein accumulation in the 
plastid.   This transformation construct is presented in Figure 1 under the construct name 
pMNK01. 
 
The E. coli appA phytase construct was made for the expression of the E. coli appA phytase 
transgene and it consisted of the super gamma zein promoter (979 bp) (Aluru et al., 2008), 
the E. coli appA phytase coding sequence (1298 bp) (Dassa et al., 1990) and the Tvsp 
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terminator sequence (515 bp) (Aluru et al., 2008).  This plasmid construct was named 
pMNK02 and was developed using the TOPO cloning kit supplied by Invitrogen (Carlsbad, 
CA) following the manufacturer’s instructions.   The pMNK02 construct design is shown in 
Figure 2.  
 
In addition to the above two constructs, a third construct that expressed the E. coli appA 
phytase transgene under the 2X CaMV 35S promoter was developed.  Since the E. coli appA 
phytase expression had not been evaluated before in maize HiII plants, its expression was 
tested in callus samples generated from the bombardment of the construct, pMNK03 which 
consisted of the 2 X CaMV 35S promoter, the E. coli appA phytase coding (Dassa et al., 
1990) and the Tvsp terminator sequences.  The figure for this construct is not shown. The 
sequences of all constructs were confirmed by DNA sequencing at the Iowa state University 
DNA facility. 
 
Plant material and transformation  
 
The HiII maize hybrid derived from a cross between A188 x B73 (Armstrong et al., 1991) was 
used for all the transformations.  The PDS 1000/He biolistic gun-mediated gene transfer 
system (Bio-Rad, Hercules, CA) delivered the DNA into maize embyogenic calli derived from 
immature zygotic embryos following descriptions by Songstad et al. (1996).   The transgene 
delivery procedures were done at the Iowa State University Plant Transformation Facility 
following procedures as described in Frame et al. (2000).  Each of the plasmid constructs, 
pMKN01, pMNK02 and pMNK03 was co-bombarded with pBAR184 (Frame, et al., 2000), 
115 
 
which uses the maize ubiquitin promoter to control the expression of the Streptomyces 
hygroscopicus gene for bialaphos resistance to allow selection of the transformed calli.   PCR 
was used to confirm the transformation success in bialaphos-resistant calli.  The primer 
pairs used for the soybean ferritin transgene were 5’ GCCATGGCTCTTGCTCCATCC 3’ 
(forward primer) and 5’ CAAAGTGCCAAACACCGTGACCC 3’ (reverse primer) while those for 
the phytase transgene were 5’ CACCATGGGCGTCTCTGCTGTTCTACTTCCT 3’ (forward primer) 
and 5’ AGGATCCTTACAAACTGCACGCCGGTATGCG 3’ (reverse primer).  The plantlets were 
regenerated and transferred to the greenhouse, grown to maturity, pollinated and the 
seeds were harvested and maize ears within each transformation event kept separate.   
 
Detection of transcripts of E. coli appA phytase with the 2X CaMV 35 S promoter in 
transformed maize callus 
 
This transformation was developed to determine, in a timely manner, whether it was 
possible to achieve E. coli phytase transgene expression in maize plants.  After the 
regeneration of type II embryogenic calli from bombarded maize embryos, total RNA was 
extracted from the calli with the RNeasy mini kit (Qiagen, Valencia, CA) and RT-PCR reaction 
assays were carried out to confirm the transformations.  This was done using the M-MLV 
reverse transcriptase enzyme and PCR kit supplied by Invitrogen (Carlsbad, CA).  
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Greenhouse generation of transgenic maize plants  
 
The initial transgenic plantlets from pMNK01/pMNK02 and pMNK02 calli were regenerated 
and grown to maturity at the Iowa State University Agronomy Department greenhouse.   
Seventeen and 10 transformation events were selected at callus level, for the phytase and 
ferritin/phytase transformations, respectively.  These were selected based on the presence 
of DNA in the embryogenic calli for the respective genes.  The transformed plants were 
pollinated with pollen from non-transgenic B73 line to generate BC1F1 plants.   At maturity, 
all the seeds from different transformation events were harvested and separated by ear.  
Table 1 lists information about the ears produced on the first generation of transgenic 
plants.  Because of unsuccessful pollinations or generation of bad seed, not all regenerated 
plants made it to harvesting and this considerably affected the number of events that were 
recovered after the first generation harvest.   A total of ten and six transformation events 
were generated from the phyase and ferritin/ phytase constructs, respectively.  
 
Transgene DNA detection in transformed maize seed endosperms 
 
Polymerase chain reaction (PCR) was used to test for the presence of ferritin and phytase 
DNA in maize seeds transformed with both transgenes.   A 10 mg sample of seed 
endosperm drillings were obtained from individual seeds and DNA extracted using the 
phenol-chloroform manual extraction method.  The extraction buffer consisting of 200 mM 
Tris-HCl (PH 7.5), 250 mM NaCl, 25 mM EDTA and 0.5 % SDS, all in water was used. 100 μl of 
extraction buffer were used for every 10 mg of maize endosperm powder.   
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The PCR reaction was performed with the EconoTaq plus Green 2x master mix (Lucigen 
Corporation) following the manufacturer’s instructions.  The primers used for the PCR were 
designed to amplify a 753 bp soybean ferritin fragment and a 1298 bp fragment for the E. 
coli phytase fragment in a multiplexed reaction mixture.  The PCR primers used for the 
soybean ferritin transgene detection were 5’ GCCATGGCTCTTGCTCCATCC 3’ (forward 
primer) and 5’ CAAAGTGCCAAACACCGTGACCC 3’ (reverse primer).  PCR primers for the E. 
coli phytase were 5’ CACCATGGGCGTCTCTGCTGTTCTACTTCCT 3’ (forward primer) and 5’ 
AGGATCCTTACAAACTGCACGCCGGTATGCG 3’ (reverse primer).   The PCR reaction cycle 
consisted of the following steps: Initial denaturation for two minutes at 95 oC, denaturation 
for 30 seconds at 95 oC, annealing for 30 seconds at 57 oC (for ferritin) or for 1: 30 minutes 
at 55 oC (for phytase) and extension for one minute at 72 oC for a total of 35 cycles.   The 
PCR products were subjected to electrophoresis on 1 % agarose gels containing ethidium 
bromide which were photographed under UV light.  
 
Soybean ferritin and E. coli phytase protein detection in transgenic maize seeds  
 
SDS-PAGE followed by western blot analysis were done to determine whether the soybean 
ferritin and E. coli phytase transgenes were expressed.  Mature transgenic seeds were dried 
and samples were obtained individually from two to five seeds, ground into powder and 50 
mg of sample was collected into a 2 ml tube.  Protein was extracted with 500 micro liters of 
extraction buffer (200 mM Tris-HCl pH 8.0, 100 mM NaCl, 400 mM sucrose, 10 mM EDTA, 14 
mM 2-mercaptaethanol and 0.05 % Tween-20) for a 50 mg sample of the seed powder. 50 
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µl of protein extract were analyzed by electrophoresis using SDS (Laemmli, 1970) on a 12 % 
polyacrylamide gel with a constant voltage set at 80 V. The proteins were thereafter 
transferred to a nitrocellulose membrane for two hours.  Polyclonal antibodies for the 
soybean ferritin and E. coli phytase transgenes were raised in rabbit against ferritin purified 
from soybean (peptide - PQVSLARQNYADEC) (produced by GenScript Company, Piscataway, 
NJ) and against the phytase protein (kindly provided by Dr. Chad Stahl, North Carolina State 
University).  E. coli phytase protein detection was performed using standard western blot 
analysis protocols using the Goat Anti-Rabbit HRP SuperSignal West Pico Chemiluminescent 
Substrate detection kit (Pierce a Perbio Science Company, Rockford, IL) following the 
manufacturer’s instructions. The blot was incubated with 1:10,000 and 1:20,000 dilutions of 
the primary and secondary antibodies, respectively.  Results were obtained after exposure 
to x-ray film for 30 seconds.  On the other hand, soybean ferritin protein detection was 
done using another western blot analysis protocol (Anti-rabbit-AP secondary antibody with 
AP conjugate substrate, Biorad Laboratories, Hercules, CA) following the manufacturer’s 
instructions. The primary and secondary antibodies were diluted at 1:300 and 1:3000 
dilutions, respectively. The blot was incubated in AP color development reagent and then 
removed after 25 minutes. 
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Phytase enzyme activity assay 
 
Generation of standard curve 
 
The phytase activity standard curve was made by making dilutions using the commercial 
purified E. coli phytase in water.  The purified E. coli phytase was generously donated by JBS 
United, Inc. (Sheridan, IN), and its specific enzyme activity is 2000 FTU/g.  1 ml of color 
development reagent was added to each of the enzyme activities dilutions ranging from 0 
to 60 FTU.  The color development reagent was made based on a method by Boyce et al. 
(2004).  Briefly, 5 grams of iron sulphate (FeSO4.7H2O) were dissolved in 90 ml of water and 
the solution was brought to 100 ml by addition of 10 ml of 8 % ammonium molybdate. After 
5-minute incubation at room temperature, the absorbance of each sample was read at 660 
nm.  The standard curve relating the absorbance to the phytase activity was then prepared 
using the mean of five samples of each phytase activity dilution.  Figure 5 illustrates the 
standard curve that was used to determine the phytase activity in maize flour samples 
transformed with the E. coli phytase transgene.  
Sample preparation and phytase activity detection 
 
This assay was done in order to determine the activity of the phytase enzyme in maize seed 
samples transformed with the E. coli phytase transgene.  One phytase enzyme unit (U) is 
defined as the amount of enzyme which releases 1 μmol of inorganic phosphorus from 
sodium phytate in one minute, at pH 5.5 and 37 oC.   Samples for this assay were obtained 
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from eight of the ten transformation events obtained from seeds harvested in the first 
(BC1F1) generation.  The activity of the phytase enzyme was determined in transgenic corn 
flour samples as described (Boyle et al., 2004; Kim and Lei, 2005) with the following 
modifications.  Individual seeds were drilled to obtain a 10 mg flour sample for protein 
extraction.  Protein was extracted with 100 mg of 0.2 M citrate buffer, pH 5.5 with constant 
stirring at room temperature for 30 minutes.  The reaction mixture was centrifuged for 20 
minutes at 15,000 X g at 4 oC. Sodium phytate substrate (0.1 % w/v in 0.2 M citrate buffer) 
was added to the extract to start phytate hydrolysis, which was allowed to proceed for 15 
minutes at 37 oC. The hydrolysis reaction was stopped with the addition of 0.4 ml of 15 % 
trichloroacetic acid (TCA) added at room temperature.  After centrifugation at 2,000 g for 10 
minutes, the supernatant was transferred to a new tube and diluted 10 fold in water.  A 
reagent blank consisting of double distilled water instead of the extract was used.   
Standards for use in this assay were prepared as describe above.   The color development 
reagent was freshly prepared each time as described in Boyce et al. (2004).   The color in the 
reaction plates was developed by adding 1 ml of the color reagent to each of the assays and 
reagent blanks followed by a 5-minute incubation at room temperature.  Samples were run 
in duplicate and absorbance readings were determined at 660 nm.  The means of the two 
readings less the blank mean were used to obtain the phytase activity of maize transformed 
seed samples by extrapolation and using the equation generated on the standard curve. 
 
After obtaining activity values for the samples, the main effect of the transformation events 
was revealed by the analysis of variance using JMP-statistical software.  The student’s t-test 
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was used to separate statistical differences for the phytase activity among the eight 
transformation events whenever differences existed.  
 
RESULTS  
 
Expression constructs for the E. coli phytase and soybean ferritin transgenes under the 
control of the super gamma zein promoter 
 
The E. coli phytase expression construct under control of the super gamma zein promoter 
was made to determine whether E. coli-derived phytase coding sequence could successfully 
be introduced and expressed in maize and to determine the enzyme activity of the 
expressed transgene.  It is hoped that successful expression of this gene will help to 
significantly reduce phytate levels in maize seeds as a way of improving on the amount of 
bioavailable iron for human benefit.  
 
On the other hand, the ultimate goal of the soybean ferritin expression construct co-
bombarded with the E. coli phytase expression construct put under control of a maize-
based super gamma zein promoter was to determine if this transformation could lead to 
increased protein expression of both genes simultaneously.  If successful, this scenario 
would provide an environment for future research to compare iron bioavailability under 
increased iron amount (due to ferritin expression) and lowered phytate levels (due to 
increased phytase activity).  Although this study did not look at iron bioavailability in the 
generated transgenic maize plants, transgene expression and enzyme activity findings (see 
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subsequent sections) present promising results for future studies involving bioavailability 
measurements. 
 
Soybean ferritin and E. coli phytase transgenes were stably integrated into the maize 
genome and inherited through meiosis  
 
Both the soybean ferritin and E. coli phyase transgenes were co-bombarded into maize 
embryos.  The goal was to have maize lines overexpressing both transgenes.  These lines 
would be expected to have high bioavailable iron arising out of increased accumulation of 
ferritin and activity of phytase that would reduce the iron chelating phytates (Drakakaki et 
al., 2005).  Six transformation events were evaluated for presence of DNA from the 
transgenes (Figure 3).  Transgenic fragments were detected in four out of the six 
transformation events, indicating not only successful integration of the transgenes into 
maize plants but also that the transgenes were meiotically inherited through generations.  
 
Soybean ferritin and E. coli phytase proteins accumulated in transgenic maize seeds  
 
Upon detection of soybean ferritin and E. coli phytase transgene DNA, assays were 
performed for the expression of the transgenes by looking for their protein bands using 
SDS-PAGE and western blot analyses.   Purified phytase was used as a positive control for 
phytase while maize line B73 was used as a negative for both proteins.  No positive control 
for soybean ferritin was available although endogenous maize ferritin served as an internal 
control.  Figure 4, blots A and B show the results obtained from different transformation 
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events.  The soybean ferritin antibody was able to detect the ferritin protein (28 KDa 
fragment) from six of the eight samples drawn from five transformation events but not in 
B73 negative control (Figure 4, blot A). This implied that the antibody was able to 
distinguish maize ferritin from soybean ferritin.  On the other hand, the E. coli phytase 
antibody detected protein in five out of the eight samples tested. These were confirmed by 
presence of a 45 KDa band in the same position on the gel as the positive purified phytase 
sample (Figure 4, blot B). In total, four out of the eight samples tested accumulated both 
the soybean ferritin and the E. coli phytase proteins in the co-transformation construct. 
Taken together, these results show successful introgression and expression of both the 
soybean ferritin and the E. coli phytase in transgenic maize lines co-transformed with both 
transgenes.  
 
Phytase enzyme activity in maize seeds varied with respect to the transformation event 
 
The purpose of this assay was to determine the E. coli phytase activity in transformed maize 
seed endosperm samples and to compare the effect of the different transformation events 
on the phytase enzyme activity.  Five units of purified phytase were used as a positive 
control for this assay and this quantity was based on phytase quantities generated in 
transgenic corn expressing other phytases by previous research (Drakakaki et al. 2005; Chen 
et al., 2008).  Results from this assay are illustrated in Figures 5 and 6.   A closer look at the 
phytase activity in the different transformation events shows that six of the eight 
transformation events had at least one seed with phytase activity of more than 1.5 – 5.5 
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U/g of seed, while the highest negative control seed had less than 1 U/g (Figure 6).  In this 
generation, the transgene would be expected to segregate on each ear.  As shown in Figure 
6, levels of phytase activity varied on each ear, with each having a cluster of kernels with 
phytase levels near the negative controls.  This is consistent with the expected genetic 
segregation of the E. coli phytase transgene.  However, we did not test a sufficient number 
of kernels to determine if the observed segregation was consistent with Mendelian 
inheritance. The overall effect of the transformation event was highly significant (P < 
0.0001) on the activity of the phytase enzyme (Table 2). In addition, pairwise comparison of 
the eight different transformation events showed some level of statistical significance at 5 
%.   The mean phytase activity of event 65.4 (1.38 ± 0.42 U/gram) was significantly different 
(P < 0.05) from that of events 69.2 (0.31 ± 0.42 U/g), event 70.1 (0.24 ± 0.42 U/g) and that 
of the negative B73 control (0.44 ± 0.42 U/gram).  The rest of the transformation events had 
non-significant (P > 0.05) mean differences from that of the negative control, B73.  
 
DISCUSSION 
 
Improving the nutritional quality of major cereal grains has been an area of interest and 
major improvements have been achieved in this field.  Maize is a major nutritional grain for 
both human food and animal feed.  Therefore, nutritional enhancement of maize with 
micronutrients especially iron is a way of solving problems that are associated with iron 
deficiency anemia.  The production of maize lines co-expressing the phytase and ferritin 
transgenes has a great potential to enhance iron nutrition in maize-consuming populations.  
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Because even small amounts of phytic acid inhibit iron absorption and use to a greater 
extent, a considerable amount of phytase activity would be desirable as this will help to 
avert the phytic acid problem that is associated with most cereal grain diets.   In this study, 
maize plants were produced that expressed the E. coli phytase and those that co-expressed 
the soybean ferritin and E. coli phytase transgenes.  Results from this study showed 
successful detection of both transgenes in the co-expression construct.  In addition, protein 
expression for both transgenes was successfully confirmed in transgenic lines obtained from 
different transformation events.  Transgenic plants expressing either soybean ferritin or 
other phytases, other than the E. coli phytase have been produced in maize (Drakakaki et al. 
2005; Chen et al., 2008) as well as other cereal crops (Goto et al., 1999; Lucca et al., 2001, 
2002; Vasconcelos et al., 2003; Qu et al., 2005) and expression results similar to those 
obtained in this study have been reported.  
 
Because of the environmental impact of phosphate accumulation from animal excretions 
especially in areas where extensive livestock production is being practiced, research has 
been actively directed towards phytase expression and its applications.  The expression of 
the phytase transgene therefore presents a greater potential not only for human nutritional 
enhancement but also for animal feed industries.  It is also critical that the transgenic plants 
have sufficient amount of phytase activity necessary to breakdown the phytates to lower 
reaction intermediates.  The E. coli phytase used in this study has a potential to minimize 
the effects of phytates in maize grains.  This phytase has been used in animal feeds and it 
has been found to effectively release phyate-bound phosphorus and iron in young pig corn-
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soy diets (Stahl et al., 1999, 2000; Golovan et al., 2000).  The highest phytase activity 
obtained from transgenic seeds in this study was 5.527 U/g of seed, which is significantly 
higher than that from the non-transgenic seed (0.759 U/g).  In 2005, Drakakaki and 
colleagues expressed the A. niger phytase into maize seed endosperms and reported 3.1 
U/g enzyme activity, similar though lower than that reported in this study. On the other 
hand, Chen et al. (2008) reported 2.2 U/g of Aspergillus niger phytase in transgenic maize 
seeds.  
 
The overall effect of the transformation event was significant in influencing the activity of 
the phytase.  Even within the same transformation event, the phytase activity varied with 
respect to each maize ear, with most of the kernels having phytase levels similar to that of 
the negative control.  Although this was the case, at least six of the eight transformation 
events tested had seed phytase activity above the level of the negative control.  The 
observation that most of the kernels had phytase activities similar to the negative samples 
fits well with the phytase transgene segregation pattern. It is hoped that the observed 
phytase activities in phytase-expressing maize seeds are reflective of the potential of this 
transgene to significantly reduce seed phytate while increasing the inorganic phosphorus 
and iron contents in the transformed maize seeds.  However, bioavailability studies in the 
transformed maize lines need to be carried out in order to confirm the benefit of the 
transformations. 
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FIGURES AND TABLES 
 
Figures 
 
 
 
 
 
Figure 1: The PMNK01 transformation construct organized into the super gamma zein 
promoter, the soybean ferritin coding sequence with a transit peptide and the Tvsp 
terminator from soybean vegetative storage protein gene. The corresponding sizes in base 
pairs for each component are indicated in brackets. The NcoI and SacI enzyme restriction 
sites flank the region in which the soybean ferritin coding sequence was sub-cloned. ATG 
and TAG represent the start and stop codons, respectively. 
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Figure 2: The E. coli phytase expressing construct (PMNK02) used in the transformation. It 
consists of the super gamma zein promoter, the E coli phytase coding sequence and the 
Tvsp terminator from soybean vegetative storage protein gene. The corresponding sizes in 
base pairs for each component are indicated in brackets below the component name. The 
NcoI and BamHI represent the E. coli phytase cloning sites and the transcription start and 
stop codons are shown with ATG and TAA, respectively. 
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Figure 3: PCR results for the stable integration of the E. coli phytase and soybean ferritin 
transgene DNA into maize genome. DNA detection was done using samples obtained from 
maize seed endosperms expressing both the soybean and E. coli phytase transgenes. The 
arrows (a) and (b) show the E. coli phytase (1298 bp) and soybean ferritin (753 bp) bands 
where detected, respectively.  Lane 1 represents DNA extracted from maize line B73 used as 
the negative control; Lane 2 represents the positive controls for the phytase and soybean 
ferritin plasmid DNA from the transformation vectors, respectively. Lanes 3 through 20 
represents the DNA isolated from BC1F1 individual transgenic maize seeds.   
 
 
 
137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Western blot analysis showing the soybean ferritin (Blot A) and E. coli phytase 
(Blot B) transgene co-expression in mature maize seed endosperms. Arrow (a) shows the 
soybean ferritin protein band (28 kDa). On blot A, lane 1 represents protein from maize line 
B73 used as a negative control while Lanes 2 to 9 represent protein from maize seed 
endosperms of the BC1F1 generation co-transformed with soybean ferritin and E. coli 
phytase transgenes. No positive control for soybean ferritin was available but endogenous 
maize ferritin served as an internal control.  Arrow (b) shows the E. coli phytase protein 
band (45 kDa). Lane 1 represents protein from purified E. coli phytase used as a positive 
control while lane 2 represents the negative sample from B73 line.  Lanes 3 through 10 
represents protein obtained from the same samples as those used for the soybean ferritin 
(Blot A, lanes 2 to 9). E. coli phytase protein was detected in samples 4 through 8 (Blot B), 
which correspond with samples 3 through 7 (Blot A) for soybean ferritin detection. 
A 
B 
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Figure 5: The E. coli phytase standard curve showing the relationship between absorbance 
(nm) and E. coli phytase activity (FTU). The regression equation generated from the line of 
best fit was used in the calculation of the phytase activity in maize seed samples 
transformed with the E. coli phytase transgene.   
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Figure 6: A plot of phytase activity levels (FTU) by Event. The different colored shapes 
represent the different individual seed samples selected and analyzed for each of the eight 
transformation events. Water was used as a blank and B73 and phytase as the negative and 
positive controls, respectively. 
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Tables 
 
Table 1: PCR analysis results for the E. coli phytase (P328) and soybean ferritin (P328P329) 
transgene detection in BC1F1 transgenic maize seed endosperms co-transformed with both 
transgenes. Five transformation events were screened and depending on seeds available, 
up to 30 seed samples were PCR tested.  
 
  Transformation 
Event 
Number of seed 
tested 
PCR positive 
endosperms 
PCR negative 
endosperms 
P328-17-4 Ear 1: 10 3 7 
P328-20-1 Ear 1: 20 5 15 
P328-27-2 Ear 1: 40 8 32 
P328-38-3 Ear 1: 20 0 20 
P328-61-1 Ear 1: 20 3 17 
P328-62-4 Ear 1: 20 7 13 
P328-65-4 Ear 1: 20 
Ear 2: 20 
9 
5 
11 
15 
P328-69-2 Ear 1: 15 4 11 
P328-70-1 Ear 1: 20 4 16 
P328-73-1 Ear 1: 20 6 14 
Total 225 54 181 
P328P329-2-3 Ear 1: 20 
Ear 2:20 
2 
5 
18 
15 
P328P329-3-1 Ear 1: 20 0 20 
P328P329-12-2 Ear 1:20 3 17 
P328P329-28-1 Ear 1:20 6 14 
P328P329-32-1 Ear 1:15 
Ear 2:20 
4 
1 
11 
19 
P328P329-37-4 Ear 1:20 7 13 
Total 155 28 127 
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Table 2: Analysis of variance for the effect of transformation events on the phytase enzyme 
activity in maize seed samples transformed with the E. coli phytase transgene. 
 
 ANOVA 
Effect DF Sums of squares Mean 
Square 
F-ratio Prob>F 
Transformation Event 7 163.96752 18.2186 20.3646 ***<.0001 
Error 72 78.72656 0.8946   
Total 79 242.69408    
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CHAPTER FOUR 
GENERAL DISCUSIONS, CONCLUSIONS AND RECOMMENDATIONS 
 
This study was carried out with the objectives of developing and characterizing maize lines 
expressing the soybean ferritin and E. coli phytase transgenes, either singly or in 
combination and to study the effects of a soybean ferritin transgene on protein and 
transcript levels of selected endogenous maize genes. Both transgenes were stably 
integrated into the maize genome and inherited meiotically through generations, protein 
was functionally expressed.  This result is critical in finding solutions to alleviate iron 
deficiency related health problems through recombinant production of transgenic plants 
with increased ferritin and phytase protein levels.  Other research groups have also used a 
similar strategy and reported similar results (Goto et al., 1999, Brinch-Pedersen et al., 2000; 
Lucca et al., 2001, 2002; Vasconcelos et al., 2003; Drakakaki et al., 2005; Qu et al., 2005), 
but none of them used neither E. coli as a source of phytase nor the super gamma zein 
promoter to control the expression of the transgenes.  
 
In this research, we successfully detected both the soybean ferritin and the E. coli phytase 
transgenes in the dual transformation.  These results form a base for future research to 
determine the potential of the generated transgenic maize lines in improving the 
bioavailability of iron for human benefit.  
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In producing transgenic plants expressing the phytase transgene, it is important that the 
transgenic plants have sufficient amount of phytase activity necessary to break down the 
phytates that hinder mineral bioavailability including iron. The highest phytase activity 
obtained from transgenic seeds in this study was 5.527 U/g of seed, which is significantly 
higher than that from the non-transgenic seed (0.759 U/g). Other people have reported 
similar or lower phytase activity results (Drakakaki et al., 2005; Chen et al., 2008) in 
transgenic plants expressing the fungal phytase from Aspergillus niger.  Although this study 
did not compare the amount of phytate in transgenic verses non-transgenic maize seeds, 
the levels of the E. coli phytase activity observed present a potential to significantly degrade 
phytates in transformed maize seeds.  In previous studies, Drakakaki et al. (2005) reported 
that even lower levels (less than 1 U/g) of A. niger phytase activity resulted in a 30 – 50 % of 
phytate reduction in transgenic plants.  Future studies should therefore examine the 
amount of phytate that was lost due to the action of the E. coli phytase protein and also 
determine the amount of bioavailable iron in the transgenic maize seeds.  Results from 
these studies could be a positive step in the fight against iron deficiency anemia, a highly 
ranked contributor to childhood mortality globally (WHO, 2008).  
 
Transgene introduction into plant genomes has a potential to cause unintended effects in 
the transcription and translation of native genes in host plants. The likelihood of these 
modifications can be examined by measuring transcript level changes of native genes in 
tissues where the transgene is expressed or in other tissues where the transgene is likely to 
cause significant changes.  Transgene expression could cause changes in the stability or 
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levels of mRNA of native genes, therefore affecting the routine activities or the regulation of 
specific metabolic processes in the host plant which could have deleterious effects on plant 
growth and development. This study compared the effect of the soybean ferritin transgene 
on transcript and protein levels of several endogenous genes in roots, leaves, and seed 
endosperms of maize plants transformed with the soybean ferritin transgene.  Transcript 
measurements were done at two developmental stages, before and after transgene 
expression.  Differential expression patterns were observed between maize samples with or 
without the soybean ferritin transgene.  Although transcript changes of endogenous genes 
in maize roots and leaves were not significantly affected by the expression of the soybean 
ferritin transgene, genes native to the seed endosperm were differentially expressed and 
their mRNA levels significantly differed among samples with and without the soybean 
ferritin transgene.  The iron homeostasis genes selected for this study were up-regulated in 
soybean ferritin PCR positive samples compared to negatives but only two of the zein 
protein genes were down-regulated in soybean ferritin PCR positive samples while the rest 
of the zeins remained unchanged.  The up-regulation of the two alpha zein protein genes 
(19 and 22 kDa α-zeins) in soybean ferritin PCR negative samples is consistent with the 
results obtained from protein analysis that showed increased protein accumulation of these 
zeins in soybean ferritin PCR negative compared to PCR positive samples. In addition, the 
percent total nitrogen levels were also significantly higher in ferritin PCR negative samples 
compared to the PCR positive samples.  However, no significant mRNA changes were 
observed in the gamma and delta zeins as well as other alpha zeins tested.  Protein content 
was significantly higher in non-transgenic kernels compared to the transgenic ones.  This 
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difference is consistent with the observed changes in zein protein levels.  The changes in the 
mRNA transcripts observed in this study for the zeins could be due to dependence on 
transcription factors shared with the transgene.  
 
In endosperm, iron homeostasis gene transcripts were significantly different in the ferritin 
PCR positive samples compared to their negative counterparts. Since the regulation of iron 
homeostasis genes depends on the iron status in the tissue under question (Savino et al., 
1997; Domenico et al., 2008), it is possible that changes in the iron levels led to up or down-
regulation of these genes.  Measurement of iron levels in maize seed endosperm samples 
expressing the soybean ferritin transgene indicated a direct correlation between presence 
of ferritin transgene and iron concentrations.  The soybean ferritin PCR positive samples in 
general contained significantly higher mineral concentrations for calcium, magnesium and 
iron.  These observations are consistent with those obtained earlier in rice seeds with 
enhanced expression levels of the ferritin transgene (Vasconcelos et al., 2003).  Welch et al. 
(1993) and Vansuyt et al. (2000) have showed that it is possible to increase the uptake of 
other divalent metal cations with the activation of enzymes involved in the iron uptake.  Qu 
et al. (2005), however, reported no significant changes in concentrations of calcium, copper, 
magnesium, manganese and zinc, contrary to what we observed.  In plants, ferritin 
production is regulated at transcriptional and post transcriptional levels (Lescure et al., 
1991; Kimata and Theil, 1994 (soybeans); Savino et al., 1997 (maize)) and this depends on 
iron that subsequently induces ferritin mRNA and protein levels.   
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Taken together, this study revealed that the transgene had minimal effect in tissues where 
it was not expressed, but it had pretty significant effects where it was expressed.   This 
observation is relevant as it shows the importance of using tissue specific promoters when 
possible.  Therefore, studies of transgene effects leading to changes in endogenous gene 
activities and levels are essential in revealing unexpected transgene effects that can equip 
researchers with essential knowledge to better understand transgene-host interactions and 
be able to target specific stages controlled by specific genes in iron homeostasis.  
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